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Abstract

SYNTHESIS AND CHARACTERIZATION OF CYTOCOMPATIBLE SPONGEMIMETIC SCAFFOLDS and BIOMEDICAL POLYMERS
by
Kamia Punia
Advisor: Prof. Krishnaswami Raja
This dissertation describes the novel synthetic methodologies towards: a) protein/polysaccharide
intercalated sponge-mimetic scaffolds for 3D cell culture, b) peptide-mimetic cationic amphiphilic
antibacterial polymers, and c) bioactive Poly(DL-lactide-co-glycolide) (PLGA) nanofibers by
solution blow spinning for the treatment of cancer and traumatic wound care.
The classic “chemical garden” experiment is reconstructed to produce protein/polysaccharide
(ingredients of cyanobacterial origin) intercalated silicate-phosphate tubules that resemble tubular
sponges. The constructs were synthesized by seeding calcium chloride into a solution of sodium
silicate-potassium phosphate and gelatin/polysaccharides. The morphology and composition of
sponge-mimetic tubules were analyzed by a battery of techniques. Bioconjugation and coating
protocols were developed to program the scaffolds with cues for cell adhesion and the resulting
constructs were employed for 3D cell culture of marine and mammalian cell lines. The
cytocompatibility of the constructs was established by live cell-imaging and confocal laser
scanning microscopy. We have successfully shown that these biomimetic materials can indeed
support life by serving as scaffolds that facilitate the attachment and assembly of individual cells
to form multicellular entities. Hybrid chemical garden biomaterials, which are programmable and
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readily fabricated, could be employed in tissue engineering, biomolecular materials development,
3D mammalian cell culture, and by researchers investigating the origins of multicellular life.
Global increase in infections involving antibiotic resistant bacteria has now become a severe threat
to human health. As compared to target specific conventional antibiotics, natural antimicrobial
peptides (AMPs) have been shown to attack the bacterial cell surface through non-specific
electrostatic and lipophilic interactions. We investigated the bactericidal activities of a random
amphiphilic cationic terpolymer architecture with a combination of 6-carbon and 2-carbon spacer
arms (distance from polymer backbone to the cationic center) interspersed with hydrophobic side
groups. Substantial increase in antibacterial activities without detrimental effects on hemolytic
activities was observed by controlled replacement of 2-carbon spacer arm unit with hydrophobic
alkyl comonomer. This strategy led to polymers with highly selective antibacterial activities
towards bacteria over red blood corpuscles (RBCs). These results indicate the potential of these
amphiphilic polymers to contribute toward the widespread therapeutic applications for fighting
infections caused by drug resistant bacteria.
Drug releasing nanofiber mats have recently gained attention for localized drug delivery
applications. The non-toxic FDA GRAS (Generally Regarded as Safe) nutraceuticals, like
curcumin and rosmarinic acid have promising anti-cancer, anti-bacterial and wound healing
properties. In this report, we have synthesized nutraceuticals loaded bioactive PLGA nanofibers
via solution blow spinning, using a commercial air brush and compressed CO2. The time-dependent
drug release studied by monitoring the degradation of nanofiber mat over 30 days shows the
sustained release of drugs over extended period of time. The inhibition of bacterial cell growth by
the drug loaded nanofibers was assessed by agar diffusion assay. It was observed that all the tested
nutraceuticals loaded nanofibers inhibited cancer cell growth and induced cancer cell apoptosis
v

even at the lowest concentration tested. Preliminary experiments to evaluate the application of the
nanofibers in traumatic wound treatment was evaluated in vivo in the mouse model. The facile
fabrication of these drug loaded nanofibers and results of our experiments indicate that they are
promising candidates for bioactive sealing of wounds after the removal of tumors, and in rapid
traumatic wound care.
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Chapter 1
Part 1
Hybrid Chemobrionic Biomaterials: Sponge Mimetic Tubules (SMT) for 3D Marine and
Mammalian Cell Culture
1.1 Background and significance
The chemical garden experiment is a classic example of a non-equilibrium process; it may be
initiated by seeding or injecting a water-soluble salt of a number of different multivalent cations
into a highly concentrated solution of sodium silicate (water glass) or phosphate. The seeded metal
salt, for example, calcium chloride, upon dissolution forms a semipermeable membrane of calcium
silicate. Since the soluble Ca2+ concentration is higher inside the membrane, the resulting osmotic
pressure causes the top of the membrane to rupture. The membrane formation and rupture process
repeats, resulting in the formation of tubular plant-like assemblies. This experiment was first
reported by Johann Glauber in 1646, he referred to the constructs as “metallic vegetation”.1 Studies
describing the preparation of chemical gardens including variations in the seeding salt or the
growth solutions and their characterization via advanced microscopy, energy dispersive X-ray
spectroscopy (EDS) and X-ray diffraction have been reported in recent literature.2,3 This emerging
discipline of producing self-assembled constructs of tubular semipermeable membranes composed
of inorganic amorphous and crystalline phases has been recently defined as Chemobrionics. The
facts that their formation involves a semipermeable membrane and that the final constructs closely
resemble life forms (plants or fungi) led some of the greatest scientific minds including Robert
Boyle, Isaac Newton and Moritz Traube to believe that chemical gardens are the key to unlocking
the origin of life.4, 5

1

Renewed interest in chemical garden chemistry was awakened by the discovery of natural
chemical gardens at the interface of hydrothermal vents with ocean waters.6 Moreover, these
mineral assemblies maintain gradients of various chemicals and ions and include compounds that
can serve as catalysts.7 Indeed it is shown that the minerals in these chemical gardens can catalyze
the formation of the small biomolecules of life and their polymerization to produce DNA and
proteins.8,9 Chemical gardens are used to generate electrical currents; electrons produced by
chemical gardens found in nature are considered as one of the sources of energy for their associated
chemolithotropic bacteria.10 Brinicles are chemical gardens in the ocean that are composed of
frozen brine and have been found to be associated with lipids.11 Scientists speculate that these
lipids may have self-assembled to form the ancestors of the first living cells (protocells). 11 The
research reported in the literature thus far supports the hypothesis that chemical gardens may have
served as the catalytic reactors that produced the molecular building blocks of life and possibly
their self-assembly to produce the ancestors of the first unicellular entity.3
The current work was inspired by the observation that the scaffolds of tubular sponges (which live
attached to the ocean floor) resemble natural chemical gardens found in hydrothermal vents.
Sponges are considered to be the first animal life form; their intrinsic structure is a tubular scaffold
composed of an intercalating network of the protein spongin (a form of modified collagen), with
embedded calcium silicate/carbonate, associated with cue molecules that promote cell
adhesion.12,13 Polyvalent Ca2+ dependent interactions of a ~2 x107 Da adhesion proteoglycan (AP,
linear or circular lamp brush structured) represents the basis of cell adhesion in marine sponges.14
The most primitive multicellular organism (sponge) consists of choanocytes (flagellated sponge
cells) attached to this porous scaffold. It should be noted that a protein component is not present
in the case of de novo synthesis of chemical gardens to date.
2

1.2 Biohybrid Chemical Gardens and the Origin of Multicellular Life
This research work seeks to shed light on the mechanism by which multicellular animal life
evolved, an important unanswered question that continues to receive significant attention. The
sponge cell (choanocytes) bear a remarkable resemblance to a unicellular organism, the
choanoflagellates. Both the cell types have an ovoid cell body, at the top of the cell is a collar
(choano), and the cells also have a long flagellum (Scheme 1.1). Choanoflagellates can exist in
both unicellular and colonial forms, this transition is considered as the key step involved in
evolution of the first sponges.15,16 Even though choanoflagellates are unicellular, they have many
different genes that are necessary for multicellularity including those for cell adhesion (cadeherin
and C type lectins), cell signaling (e.g., GPCRs), gene regulation (e.g., p53) and most interestingly
those coding for the extra cellular matrix (the integrins, collagen repeats and laminin).15,16 Based
on fossil evidence the emergence of the first multicellular animal forms such as sponges occurred
~600 million years ago.13 This corresponds to the end of the Precambrian ice age. The global
melting of ice was triggered by a pronounced increase in volcanic activity that lead to the release
of green-house gases and widespread flooding of the oceans with nutrient rich water. This resulted
in a massive cyanobacterial (oxygen-producing) bloom in the oceans and the associated global
oxygenation event that facilitated the emergence of the unicellular organisms which could produce
collagen and subsequently multicellular life.17 The cell walls of cyanobacteria are composed of
peptidoglycans;18 unicellular life forms (which are sophisticated chemical factories) and their dead
debris are a rich source of proteins, peptidoglycans, and polysaccharides that could serve as cell
adhesion molecules. It is likely that the increased volcanic activity at this point in evolution also
produced a large number of natural chemical gardens (hydrothermal vents systems are associated
with volcanic activity under the ocean floor). We hypothesize that proteins, polysaccharides,
3

peptidoglycans, sulfanolipids (which serve as cell adhesion molecules), originating from
unicellular organisms in the oceans, could have attached to the surface of and may have been
incorporated into the fabric of the natural chemical gardens formed at the volcanic hydrothermal
vents. Exciting reports of the discovery of micrometer sized tubular chemical gardens which are
ascribed to mineralized remains of bacterial sheaths and extracellular filaments coated by iron
oxyhydroxide, subsequently coated with silica and iron oxyhydroxide in successive venting cycles
at hydrothermal vent systems have been discovered by geo-biochemists. There is also a divergent
school of thought that believes in the abiotic origin of such tubular constructs by natural selforganization or inorganic components from silica rich spring water derived from serpentization. It
has been shown that chemical reactions of silica, metal carbonates and metal hydroxides can
produce complex tubular biomimetic structures.
How exactly these structures are formed is not moot point of the current study; that tubular
scaffolds can indeed be formed by natural processes (which is supported by both the schools of
thought above) is of however of utmost importance to the model evolution of ocean sponges that
that we propose and test here by building a biomimetic model system.
Hybrid chemical gardens modified by cell adhesion molecules, could have served as the scaffolds
and primordial hatcheries for choanoflagellates to attach, aggregate, feed and cooperatively evolve
to form the ancestors of the first sponges. This hypothesis that choanoflagellate assemblies can
evolve to produce a collective self is reasonable if one takes into consideration the fact that the
genetic machinery necessary to facilitate cooperative evolution is already in place in these
organisms (genes coding for cell adhesion, signaling and for producing an extracellular matrix).
Cue molecule assisted attachment and choanoflagellate assembly on natural chemical garden
scaffolds could therefore be the evolutionary mechanism for this process to occur. It is also highly
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relevant that most of the important natural biomaterials used for tissue engineering, for example
alginate, are cyanobacterial in origin. The standard approach employed by tissue engineers is to
first produce a scaffold that resembles the final organ (for example a tube in the case of
vasculature) and then modify it with cue (cell adhesion/proliferation/differentiation) molecules and
further incubate the resulting surface with mammalian cells to produce a supracellular assembly
that “evolves” into the final bioengineered tissue. Evolutionary forces in the ocean floor may have
resulted in exactly the same bioengineering strategy: natural tubular hybrid hydrothermal ventbased chemical gardens, coated with cyanobacterial or other unicellular organism-based cell
adhesion cues, served as scaffolds for the attachment of choanoflagellates to form supracellular
assemblies which cooperatively evolved to form the first tubular sponge. The bacterial strain
Algoriphagus machipongonensis (Am) releases sulfanolipids which cause the choanoflagellate
strain Salpingoeca rosetta to form aggregates.15,16 Hybrid chemical gardens associated with this
bacterial strain could have served to facilitate the self-assembly of choanoflagellates.
The choanocytes feed by beating their flagella; this results in the pumping of water laden with
nutrients into the central cavity of the sponge, the absorption of the nutrients and the export of the
water through the porous sponge body. The surface programmed porous sponge mimetic tubules
(SMTs), that we have designed, mimic the structural organization present in a natural sponge
scaffold. The feasibility of this approach was established as shown in scheme 1.1, polysaccharide
(dextran) cue modified scaffolds that were synthesized promoted the strong adhesion and viability
of the test marine cell line Pyrocystis lunula; the 3D marine cell culture experiment with these
cells lays the groundwork and supports the feasibility of culturing choanoflagellate strains such as
Salpingoeca rosetta15, 16 or Stephanoeca diplocostata
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on custom-designed surface-optimized

scaffolds. We expect that the resulting supracellular entities would simulate the cellular
5

organization in natural sponges and intend to thoroughly explore this hypothesis. These studies
can have a transformative impact on understanding the evolution of animal multicellularity with
specific emphasis on the role that scaffolds associated with cell adhesion molecules may have
played in promoting unicellular life forms to assemble and cooperatively evolve into a collective
self.
Scheme 1.1 SMTs with cue molecules cultured with dinoflagellate strain Pyrocystis lunula or
choanoflagellate strains Salpingoeca rosetta and Stephanoeca diplocostata. (A) The confocal
microscopy image of Pyrocystis lunula culture on SMT shows red fluorescence of live
dinoflagellate chloroplasts.
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1.3 SMTs for 3D Mammalian Cell Culture
There has been an exponential growth of research interest in 3D mammalian cell culture. There
are several advantages associated with 3D cell culture in comparison to 2D methods: (a) in vitro
assessment of the bioactivity of drug candidates using 3D systems reflects in vivo systems more
accurately, (b) cells in a 3D environment exhibit parameters such as gene expression and adhesion
which reflect in vivo conditions very closely, (c) 3D cell culture can be exploited for tissue
engineering applications.20,21 The capability of building tubes that mimic vascular structures is
considered as the benchmark for establishing the feasibility and potential success of any
biofabrication technology.22 Current technologies available for 3D culture all have limitations. The
use of orifice-based inkjet printing for viscous biological solutions such as alginate is limited due
to clogging of the orifice; only concentrations ≤ 2% alginate may be used for inkjet printing.23
Orifice free technologies such as matrix-assisted pulsed-laser evaporation direct-write (MAPLE
DW) 22 require optimization of many parameters including jet/droplet formation, droplet landing,
spreading and gelation. In addition, the printing speed is slow and challenging to scale up for bulk
production. Another limitation of the current bioprinting practices is the observation that in many
cases only single component resins may be employed.23 The SMTs fabricated in this project has
been used for 3D mammalian cell culture applications and have significant advantages: 1) SMTs
can potentially be fabricated in bulk (each calcium chloride seed produces a tube) 2) The process
for producing SMTs is green and performed in aqueous media, 3) The surface chemistry of the
scaffolds can be varied with exquisite control via coating/bioconjugation to introduce cue
molecules, which promote cell adhesion or cell differentiation (Scheme 1.2), 4) Unlike bioprinting
processes, which only allow the use of single component resins, several additives may be
dissolved/suspended simultaneously in sodium silicate-phosphate solution (the solution is a highly
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viscous, uniform suspension which does not settle by gravity during the SMT growth stage) and
then seeded with calcium chloride to produce hybrid chemical gardens consisting of multiple
components, 5) The scaffolds are robust and can be easily manipulated.
Scheme 1.2 3D cell culture of mammalian cells on SMTs surface programmed with cell
adhesion/cell differentiation molecules. (A) Confocal microscopy image of live HeLa cells on
poly-L-lysine (PLL) coated SMTs.

We have established the feasibility of using SMTs for 3D culture by synthesizing SMTs based on
gelatin24 (Chapter 2) and components of cyanobacterial origin (Chapter 3). The cell adhesion
molecules were directly coated on the surface of the SMTs or, using an alternate approach,
biotinylated cues were incubated with avidin coated SMTs in accordance with Scheme 1.2. The
attachment and viability of cells on the constructs was evaluated by culturing HeLa (human
cervical cancer cell line), H9C2, and human primary dermal fibroblasts on appropriately surface
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programmed SMTs. This technology can be used to attack several significant biomedical
problems, for example, the very challenging construction of narrow diameter vascular grafts. It
affords a convenient, inexpensive, green and innovative route to narrow diameter (0.2 to 2 mm)
tubes and programmable hybrid materials that can potentially serve as ideal biocompatible
scaffolds for vascular grafts. The inorganic component in the scaffolds can be selectively removed
via ascorbic acid treatment (this procedure has been standardized in our lab, the constructs
maintain their structural integrity after this procedure) prior to performing the cell culture
experiments. A second bioengineering application would be the use of SMTs cultured with
osteoblasts to serve as templates for producing bone implants. Such implants would be useful in
regenerative medicine.
In summary, our main focus of this research project is on the 1) synthesis of biohybrid chemical
garden sponge mimetic tubules that incorporate ingredients of cyanobacterial origin and gelatin,
2) characterization of this new generation of biomaterials by a spectrum of microscopy and
spectroscopy techniques, and 3) programming the surface of the SMTs with cue molecules and
evaluate them as scaffold for 3D cell culture of marine cell lines (for origin of multicellular life
related work) and mammalian cell culture (for tissue engineering applications).
Part 2
Bioactive and Biodegradable Polyester Nanofibers via Solution Blow Spinning.
1.4 Nanofiber scaffolds
There is an immense interest in nanofibers due their broad range of applications including tissue
engineering25, wound dressing26, drug delivery27, and immobilized enzymes and catalysis28. These
applications of nanofibers are attributed to their characteristic properties, such as high surface area
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to volume ratio, high porosity, and versatility.29 There are several techniques to fabricate nanofiber
scaffolds such as, electrospinning30, template synthesis31, melt blowing32, phase separation33, and
self-assembly34. Electrospinning is a most widely used technique to synthesize nanofibers. In
electrospinning, voltage is applied on a drop of polymer solution which induces charge in the
solution to form a Taylor cone. When the applied potential exceeds the surface tension of the
solution, the charged jet dries along the flight path and is collected on the target to form
nanofibers.35 However, electrospinning has several limitations, such as low production of
nanofibers, high voltage equipment and electrically conductive collector. These shortcomings
prevent the usage of electrospinning for nanofiber synthesis on non-conductive targets, hence not
suitable for in-situ nanofiber deposition in surgical applications.36
Solution blow spinning is a simple alternative non-electro technique which requires a compressed
gas source and a volatile solvent for the formation of nanofibers.37 In this technique, the polymer
solution is forced through the inner nozzle and a compressed gas through the outer nozzle (Figure
1.1). The polymer droplet formed at the tip of inner nozzle is distorted into a conical shape when
it comes in contact with the high-pressure gas. The action of the gas causes the solvent to disperse,
allowing the polymer chains to solidify as nanoscopic fibers on the surface in front of the gas
stream.38
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Figure 1.1 Schematic representation of solution blow spinning. Figure adopted from Polat et al.,
J. Appl. Polym. Sci. 2016, 133, 43025.
This technique fabricates the nanofibers of wide array of polymers with diameters comparable to
electrospinning along with the virtue of high nanofiber deposition rate and simple apparatus.37
Poly(DL-lactide-co-glycolide) (PLGA), a Food and Drug Administration (FDA) approved
polymer, is a commonly used material for the synthesis of nanofiber scaffolds for tissue
engineering applications. It is a copolymer of lactide and glycolide, which degrades via simple
hydrolysis. When these polymers are exposed to aqueous media such as buffers or tissue, the
polymer backbone degrades by the reaction of water with the ester linkages. The degradation of
polymers leads to the formation of water soluble fragments that ultimately hydrolyzed to glycolic
and lactic acids, which are processed through normal metabolic pathways. PLGA has faster
biodegradability than polylactide because of the presence on hydrophilic glycolic acid units. PLGA
nanofibers have been widely investigated in wound dressing,39 drug delivery,40 and tissue
engineering41 applications due to their non-toxic degradation products and good mechanical
properties.
11

1.5 Nutraceuticals
The term “nutraceutical” is a combination of two words, “nutrient” and “pharmaceutical”.42
Nutraceuticals are the bioactive compounds that have therapeutic properties along with the basic
nutritional value. In this work, we have studied two promising nutraceuticals, curcumin and
rosmarinic acid, with a broad range of therapeutic properties.
Curcumin, a hydrophobic polyphenol, is the primary active ingredient in the spice turmeric and is
derived from the rhizome of the herb Curcuma longa. Turmeric has been used for years as a spice
in South Asian cooking, and in the ancient Ayurvedic system of medicine. Curcumin has been
shown to exhibit a wide range of biological and pharmacological activities, such as antioxidant,43
anti-inflammatory,44-47 antimicrobial, wound healing, and anti-carcinogenic48-52 activities. The
commercially

available

curcumin

contains

approximately

77%

curcumin,

17%

demethoxycurcumin, and 6% bisdemethoxy-curcumin.43 There are various of animal53, 54 and
human studies55-58 that indicate curcumin is extremely safe at very high doses. Curcumin is a
potential compound for the treatment and prevention of a broad range of human ailments due to
its efficacy and pharmacological safety. Despite its efficacy and safety, curcumin has not yet been
approved as a therapeutic agent due to its low bioavailability. The reduced bioavailability of
curcumin is attributed to its high metabolism rate, inactive metabolic products, poor adsorption,
and rapid clearance from the body.43
Rosmarinic acid is a phenolic acid commonly found in herbs such as Ocimum
basilicum (basil), and Rosmarinus officinalis (rosemary). Chemically, it is an ester of caffeic acid
and 3,4-dihydroxyphenyllactic acid. It too has various therapeutic properties including antibacterial, anti-cancer, anti-viral and anti-oxidant activities.

59-60

Rosmarinic acid containing

extracts of Melissa officinalis has been used as antiviral agent in the treatment of Herpes simplex
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infections. The inhibition of lipoxygenases and cyclooxygenases are found to be the reason for the
anti-inflammatory properties of rosmarinic acid. It is also widely used in the cosmetic industry
because of its anti-oxidant properties. The studies indicate very low toxicity of rosmarinic acid
with an LD50 in mice of 561 mg kg-1, and rapid elimination from the body after intravenous
administration.61
Both curcumin and rosmarinic acid have short in vivo half-lives, hence its essential to develop
various techniques to improve their bioavailability. To overcome the problem of low aqueous
solubility of these drugs, several delivery vehicles have been employed, such as incorporation of
curcumin in microgels, nanofibers, or nanoparticles.62-64
In this work, we plan to fabricate curcumin and/or rosmarinic acid loaded PLGA nanofibers to
improve their bioavailability, by using commercial airbrush for solution blow spinning (Figure
1.2). The morphology, degradation, and the drug release kinetics of these nanofibers can be
controlled by varying the solution concentration, type of solvent, molecular weight, polydispersity
index, and crystallinity of the polymer.65 The application of bioactive compounds loaded PLGA
nanofibers for the bioactive sealing of wounds after the removal of tumor, and rapid traumatic
wound care can facilitate the sustained slow release of these natural drugs for their anti-cancer,
wound healing, and antibacterial activities.
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Figure 1.2 Airbrush technology for the production and direct application of bioactive polymer
incorporating curcumin (pro-clotting, wound healing, antibacterial, and anti-cancer agent)
nanofibers for sealing and healing wounds.
Part 3
Antimicrobial cationic synthetic amphiphilic polymers mimicking natural antimicrobial
peptides
1.6 Background
Bacterial infections involving antibiotic resistant bacteria (superbugs) have been rapidly rising in
health care settings across the globe.66-68 It is estimated that antimicrobial resistance will lead to
ten million deaths annually by 2050, surpassing cancer as one of the leading causes of fatalities.69
This threat to global human health has been further exacerbated by decreasing number of new
antibiotics being introduced in the market each year.66 Huge costs involved in the new drug
development followed by emergence of microbial resistance within few years act as a major
14

deterrence for new antibiotic development.66 In 1987, Zasloff et al. discovered antimicrobial
peptides (AMPs), magainins, in the skin of African clawed frogs (Xenopus laevis) while studying
RNA replication in eukaryotes.70 Post-surgery, frogs were placed in a non-aseptic water tank
containing microbes, but the frogs almost always healed completely which was ascribed to the
presence of AMPs in skin of African clawed frog.70 Since then, a large variety of AMPs have been
found in several species including the AMP LL-37 in humans.71 Despite extensive variety, AMPs
share common fundamental structural feature of presence of cationic charges and lipophilic groups
leading to facial amphiphilicity.71, 72 In contrast to target specific conventional antibiotics that are,
in general, DNA and enzyme replication inhibitors, natural AMPs disrupt and rupture the net
negatively charged bacterial cell surface via non-specific electrostatic and hydrophobic
interactions.72 In addition, there is mounting evidence of intracellular targets as well.71, 72 Ability
of AMPs to interact with bacterial membranes via electrostatic interactions leads to broad spectrum
antibacterial activity as most bacterial cell surfaces have net negative charge due to presence of
negatively charged phospholipids like: phosphatidylserine (PS) and phosphatidyl glycerol (PG) in
the lipid bilayer.72 Due to this ability of AMPs to target the entire bacterial cell surface through
non-specific interactions, the development of bacterial resistance towards AMPs is believed to be
highly thwarted or improbable.71, 73 Furthermore, AMPs are known to selectively attack bacterial
cells over eukaryotic or mammalian cells as only weak hydrophobic interactions exist between
cationic AMPs and charge neutral outer cell membrane of mammalian cells, which is primarily
composed of zwitterionic phospholipids, such as: phosphatidylcholine (PC) and sphingomyelin
(SM), along with cholesterol.71
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1.7 Peptide mimetic synthetic polymers
Synthetic amphiphilic polymers mimicking the principle design features of natural AMPs have
emerged as promising development alternatives to conventional antibiotics as potential therapeutic
agents to fight superbug infections. Relative to natural AMPs, synthetic polymers exhibit several
key advantages as synthetic polymers can be produced on large commercial scale in a costeffective way and are amenable to oral route of drug administration, whereas the sequence specific
synthesis or isolation of AMPs and proteolysis have hindered their path to large scale therapeutic
application.72 Furthermore, availability of large variety of polymer chemistries and polymer chain
architectures provide a flexible framework to assess the role of chemical functionalities and
polymer structural attributes on their biological activities.
However, one of the major challenges towards biomedical applications of synthetic amphiphilic
polymers is their toxicity against mammalian cells. An in-depth understanding of macromolecular
structure-activity relationships impacting the biological activities of synthetic amphiphilic
polymers is imperative to enable their biomedical applications, but have not been yet fully
understood. Several research studies in the last decade have focused to build on the structureactivity relationships such as: the impact of cationic charge density,74 identity,75 and spatial
distribution;76 block versus random copolymer architecture;77 backbone space arm distance;78
molecular weight;79 side chain spacer arm and conformation;80, 81 amphiphilic balance;82, 83 same
center versus separate center design,84,

76

incorporation of hydrophilic poly(ethylene glycol)

repeating units,85, 86 among others.
The role of cationic charge identity and mole ratio was investigated by Kuroda et al.75 Primary,
tertiary, and quaternary ammonium salts were separately incorporated in a series of
polymethacrylate random copolymers at various mole ratios. It was reported that random
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copolymers with primary and tertiary amine groups displayed high activity against gram negative
Escherichia coli (E. coli) while simultaneously showing low hemolytic activity against red blood
cells (RBCs). In contrast, majority of random copolymers with quaternary ammonium groups were
found to be inactive against E. coli and only demonstrated activity towards E. coli at much higher
mole ratios of hydrophobic comonomer unit with corresponding increase in hemolytic activity.
Al-Badri et al. explored the role of cationic charge density in facially amphiphilic polynorbornenes
with both cationic and hydrophobic segments on the same repeating unit.74 Increase in cationic
charge density led to significant reduction of hemolytic activity, whereas no substantial impact on
antibacterial activity was observed. This observation underlines the cationic charge density as an
effective structural parameter that can be utilized to synthesize amphiphilic polymers with
selective (bacteria over mammalian cells) antibacterial activity.
Oda et al. assessed the role of block versus random copolymer structure in biological activities of
amphiphilic polymers.77 They observed that random copolymers show substantially higher
hemolytic activities as compared with block copolymers, at similar levels of comonomer
compositions in terms of cationic and hydrophobic groups. However, both random and block
copolymers demonstrated similar levels of antibacterial activity towards E. coli. It was also shown
that polymer aggregation is not a pre-requisite for antibacterial activity as both minimum inhibitory
concentrations and minimum bactericidal concentrations were lower than the critical micelle
concentrations for both block and random copolymers. It was proposed by Oda and co-workers
that formation of intramolecular aggregates in block copolymers with lipophilic segments at the
core of aggregates surrounded by hydrophilic cationic moieties can lead to lower hemolytic
activities by reducing hydrophobic interactions with RBCs’ lipid bilayer. Such intramolecular
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aggregation is improbable in case of random copolymers resulting in higher level of hemolytic
effect.
Backbone spacer distance between cationic centers and side chain spacer arm distance between
cationic center to polymer backbone have been shown to play a crucial role in antibacterial and
hemolytic activities of synthetic amphiphilic polymers. Cationic homopolymers synthesized by
ring opening metathesis polymerization with backbone spacer distance of approximately 4 Å were
found to be inactive against both gram positive and gram-negative bacteria and RBCs, whereas
homopolymers with ~ 8 Å displayed higher antibacterial and hemolytic activities.78 Kuroda et al.
showed that increase in spacer arm distance (distance between cationic center and polymer
backbone) led to increase in antibacterial activity.80 A cationic amphiphilic polymethacrylate
homopolymer with 6-carbon spacer arm demonstrated high activity towards E. coli, as compared
with homopolymers with 2-carbon and 4-carbon long spacer arm, but was also highly hemolytic,
hindering its therapeutic potential. Yang et al. investigated the role of spacer arm variation and
found that incorporation of shorter 2-carbon spacer arm with 6-carbon spacer arms in copolymers
substantially reduced the hemolytic activity without detrimental impact on antibacterial activity.81
A copolymer with just 10 mol% of shorter 2-carbon spacer arm comonomer units and 90 mol% of
longer 6-carbon spacer arm counits displayed three orders of magnitude lower hemolytic activity
than the highly hemolytic homopolymer with 6-carbon long spacer arms while maintaining similar
levels of antibacterial activity towards both E. coli and S. aureus.
In this dissertation, a new terpolymer architecture with a combination of spacer arm and separate
center design is reported.87 A series of terpolymers with shorter 2-carbon and longer 6-carbon
spacer arms and lipophilic comonomer units with variation in alkyl side group lengths were
synthesized. This study demonstrated that incorporation of counits with alkyl side groups can lead
18

to further increase in antibacterial activity against E. coli without detrimental effects on hemolytic
activity at optimum levels of hydrophobic group incorporation. This cationic amphiphilic
terpolymer architecture can have significant potential in the development of synthetic amphiphilic
polymers as alternatives to conventional antibiotics in the fight against antimicrobial resistance.
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Chapter 2
Protein Intercalated Silicate-Phosphate Scaffolds based on Sponge Biomimicry for 3D
Marine and Mammalian Cell Culture15
2.1 Introduction
The chemical garden experiment is a classic example of a non-equilibrium process; it is initiated
by seeding or injecting water-soluble salts of many multivalent cations into a highly-concentrated
solution of sodium silicate (water glass) or phosphate. The seeded metal salt, for example, calcium
chloride, starts dissolving in the aqueous medium, this triggers the formation of a semipermeable
membrane of calcium silicate. The ionic concentration of Ca2+ is higher inside the membrane, the
resulting osmotic pressure causes the top of the membrane to rupture. The membrane formation
and rupture process repeats, resulting in the formation of tubular plant-like assemblies.
There has been recent interest in chemical garden chemistry after giant chemical garden assemblies
were discovered at hydrothermal vent systems in the interface with ocean waters.1 These mineral
assemblies are composed of membranes that maintain gradients of various chemicals and ions; the
chemical composition of the constructs include compounds that can serve as catalysts.2 Chemical
gardens have also been used to generate electrical currents; electrons produced by chemical
gardens found in nature are considered as one of the sources of energy for chemolithotropic
bacteria found associated with these mineral assemblies.3 These constructs are currently
considered as the catalytic reactors/engines which may have produced the molecular building
blocks of life: it has been shown that minerals can catalyze the formation of the small biomolecules
of life and their polymerization to produce DNA and proteins. 4,5
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The current work was inspired by the observation that the scaﬀolds of tubular sponges (which live
attached to the ocean floor) resemble natural chemical gardens found in the hydrothermal vent
systems under construction. Sponges are considered to be the first animal life form; their intrinsic
structure is a tubular scaﬀold composed of an intercalating network of the protein spongin with
calcium silicate/carbonate embedded at specific locations with cue/signal molecules that promote
cell adhesion and other functions. The multicellular organism (sponge) consists of choanocytes
(sponge cells) attached to this scaﬀold.6 The choanocytes of sponges closely resemble
choanoflagellates, a sister group, which can exist in both unicellular and colonial forms and thus
is often used to investigate the transition from unicellularity to the multicellularity of the sponge.7,8
It should be noted that the protein component is not present in the case of chemical gardens
prepared to date.
In this sponge bio-inspired work we have redefined the chemical garden experiment by seeding a
concentrated sodium silicate-potassium phosphate solution containing solubilized gelatin with
calcium chloride to produce protein intercalated silicate-phosphate tubules (Figure 2.1 (B and C)).
The morphology and composition of the resulting biomaterials was determined by a battery of
techniques including light microscopy, transmission electron microscopy (TEM), scanning
electron microscopy (SEM), energy dispersive X-ray (EDS) analysis, IR spectroscopy and powder
X-ray diffraction (XRD). Tubular constructs consisting of a network of gelatin intercalated with
inorganics were observed. SEM and EDS experiments showed that external surface of the tubules
was rough in texture and carbon/protein rich whereas the interior surface had well-defined crystals.
Powder X- ray diffraction was used to identify inorganic crystalline phases in the scaffolds, they
were mainly composed of Ca(OH)2, NaCl and Ca2SiO4 along with a band corresponding to
amorphous gelatin. The three hundred and fifty-year-old problem of linking chemical gardens with
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life is revisited in a new light with this generation of chemical garden biomaterials: the focus being
on whether these constructs can serve as scaffolds which facilitate the attachment and assembly of
individual cells to form multicellular entities. These materials can support life is successfully
established by culturing test mammalian and marine cell lines on these constructs. To perform cell
culture experiments on the constructs bioconjugation and coating protocols were first developed
to systematically program the surface chemistry of the scaffolds with cue molecules which
promote cell adhesion. Test marine cell line Pyrocystis lunula and mammalian cell lines HeLa and
HC92 were successfully cultured on the scaffolds. Cell viability on the constructs was confirmed
by confocal laser scanning microscopy and live cell imaging.
2.2 Experimental
2.2.1 Materials
Sodium silicate was obtained from Ward’s science, gelatin was procured from Kraft foods Inc.;
dipotassium hydrogen phosphate, and calcium chloride pellets (anhydrous, 4-20 mesh) from Fisher
Scientific.

D(+)-biotin

was

obtained

from

Acros

Organics,

1-Ethyl-3-(3-

dimethyllaminopropyl)carbodiimide hydrochloride (EDC.HCl) from Advanced Chemtech Inc., Nhydroxysuccinimide from Chem Impex Int’l Inc., avidin from EMD Millipore Corp, amino
dextran, Alexa Fluor 555 phalloidin and TO-PRO-3 from Molecular Probes, fluorescein diacetate
and chitosan from Alfa Aesar and dextran coated streptavidin beads from GE healthcare. H9C2
cells were purchased from ATCC.
2.2.2 Instrumentation
Nuclear magnetic resonance (NMR) spectra were recorded on an Oxford NMR 600 (600 MHz)
spectrometer. An Agilent Technologies 845x UV-Vis spectrophotometer equipped with
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ChemStation Rev. A.10.01 software was used to record the UV/Vis spectra. Transmission electron
microscopy (TEM) images were recorded using a FEI Tecnai G2 Twin microscope. An Amray
1910 field emission scanning electron microscope was employed for three-dimensional imaging
of constructs. X-ray microanalysis and element mapping was obtained on an energy-dispersive xray spectroscopy (EDS) detector (ThermoNoran, Madison, WI) on the above SEM. Infrared
spectra were recorded using a Thermo Scientific, Nicolet 6700 Fourier Transform spectrometer.
A Zeiss Axio Observer Z1 with incubation stage and a Leica SP2 confocal laser scanning
microscope was used for bright field and fluorescence imaging.
2.2.3 Synthesis of sponge-mimetic scaffolds
Sponge-mimetic scaffolds were prepared by solubilizing gelatin (to make up 0-15% of final
solution concentration) in 3 M sodium silicate and 0.5 M potassium phosphate (K2HPO4) at 60oC
followed by seeding with solid CaCl2 pellets. Dissolution of the calcium chloride in the aqueous
medium triggers the formation of a semipermeable membrane of calcium silicate-phosphate with
intercalated gelatin. Repeated rupturing of the top of the membrane, caused by increasing osmotic
pressure from Ca2+ ions in the lumen, results in cyclic depositions of protein-intercalated silicatephosphate that gradually grow to form tubules. The sponge-mimetic tubules were allowed to
develop over a period of 24 hours at 60o C.
2.2.4 Transmission electron microscopy (TEM) analysis
Transmission electron microscopy (TEM) images were recorded using a FEI Tecnai G2 Twin
microscope operated at an accelerating voltage of 120 kV. The samples were first sonicated in
ethanol, and then drop-casted on carbon-coated copper grids and dried under vacuum before the
analyses.
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2.2.5 Scanning electron microscopy (SEM) analysis
The samples were also characterized by scanning electron microscopy (SEM). Samples were
placed on the surface of two-sided carbon adhesive tabs on aluminum SEM specimen holders and
then coated with palladium for 10 minutes using a Med20 Sputter coater (Baltec-Leica, Buffalo
Grove, IL). Samples were then analyzed using an Amray 1910 SEM at the operating voltage of
10kV. Digital images were obtained using SEM Image Display software (SEMTech Solutions,
North Billerica, MA). X-ray microanalysis and mapping of elemental components in samples was
performed using an Amray 1910 SEM equipped with an EDS detector (ThermoNoran, Madison,
WI). Samples were tilted at 30 degrees towards the detector, the final focal length was set to 15.4
mm, and a 1-µm aperture was used. Accelerating voltage used to obtain the analysis was 15 kV.
Data were acquired using Noran System Six software.
2.2.6 Biotinylation of gelatin incorporated calcium silicate-phosphate constructs
Programmable stigmergy scaffolds were synthesized in accordance with Scheme 2.1. Biotinylation
of gelatin incorporated calcium silicate phosphate constructs was done by dissolving biotin
(17.5mg, 0.0716mmol) in 500µL DMSO and adding it to a solution of N-hydroxysuccinimide
(12.4mg, 0.1074mmol), and EDC.HCl (22.2mg, 0.1432mmol) dissolved in 2.5mL water. The
constructs (grown with 15% gelatin, 3M sodium silicate, 0.5M potassium phosphate and seeded
with CaCl2) were added to the above reaction mixture and agitated gently using a shaker at room
temperature for 3h; this was followed by washing the final biotinylated constructs with PBS
(pH=7.4).
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2.2.7 Avidin attachment on the biotinylated calcium silicate phosphate constructs
A solution of avidin (2mg, 30µmol) in 1mL PBS (pH=7.4) was added to the biotinylated gelatin
constructs and agitated gently at room temperature for 12h using a shaker; then, the avidin
modified constructs were washed with PBS (pH=7.4).
2.2.8 Synthesis of biotinylated amino dextran
Amino dextran 70KD MWT with ~15 amino groups per dextran molecule from Molecular Probes
Inc. (100mg, 1.428µmol), N-hydroxysuccinimide (3.7mg, 0.0321mmol), and EDC.HCl (6.6mg,
428µmol) were dissolved in 3mL water and degassed with N2. A solution of biotin (5.2mg,
21.4µmol) in 3mL DMSO was added to the above reaction mixture and allowed to stir for one day
at room temperature. The reaction mixture was then dialyzed using Spectra Por 6 dialysis
membrane (MWCO 3.5 KD) in water for 48h. The product was further purified using a Sephadex
LH20 column with water as eluent, lyophilized and further characterized via proton NMR. 1H
NMR (600 MHz, D2O): [a from the dextran component δ(ppm)4.87-4.98 (d, 1H)], [b from attached
biotin component δ(ppm)4.52-4.57 (dd, 1H)], [c from attached biotin component δ(ppm)4.35-4.40
(dd, 1H)], δ(ppm)3.89-4.00 (brd, 2H), δ(ppm)3.73-3.82 (brd, 1H), δ(ppm)3.513.70 (dd, 1H),
δ(ppm)3.42-3.52 (dd, 1H), δ(ppm)3.36-3.42 (d, 1H), δ(ppm)3.19-3.22 (dt, 1H), δ(ppm)2.84-2.91
(dd, 1H), δ(ppm) 2.51-2.55 (t, 1H), δ(ppm)2.0-2.2 (t, 2H), δ(ppm)1.43-1.64 (m, 4H), δ(ppm)1.241.32 (q, 2H).
2.2.9 Coupling of biotinylated amino dextran with the avidin modified constructs
The avidin attached constructs were incubated in a solution of biotinylated amino dextran in PBS
(10mg/mL) for 24h; the final constructs were washed with PBS. Dextran analysis was performed
by treating a few pieces of the constructs with 1mL of 5% phenol and 6mL of concentrated sulfuric
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acid for 1h to ensure complete color development. The UV absorbance was measured at 480nm.
Color development was observed in the dextran coated sample but was absent in the control sample
(Figure 2.10).
2.2.10 Chitosan cue modified 15% gelatin incorporated calcium chloride scaffolds for H9C2
cell attachment
The 15% gelatin calcium chloride scaffold constructs were submerged in 1% ascorbic acid solution
for 10 minutes and then thoroughly rinsed with PBS (pH 7.4) to adjust the pH of the scaffolds. To
facilitate cell binding, the constructs were then coated with chitosan by submerging them in 1%
chitosan solution in 2.5% acetic acid for 30 seconds. The chitosan solution was then removed and
a thin layer of the chitosan is precipitated onto the surface of the constructs by adding isopropanol.
The scaffolds were rinsed with deionized H2O. The successful coating of chitosan was confirmed
via the phenol-sulfuric acid assay for carbohydrates; UV absorbance at 480nm confirmed the
presence of chitosan on the constructs.
2.2.11 3D Marine cell culture and imaging
The dinoflagellate cell line Pyrocystis lunula was cultured on the surface of dextran-biotin-avidin
coated 15% gelatin calcium chloride scaffold. Pyrocystis lunula cells were cultured in glass
Buchner flasks, with hose barbs plugged with cotton (to provide adequate gas exchange) in L1
algal growth medium. The algal cultures were maintained at 16°C in a 12h dark-light cycle by
fluorescent bulbs of 5000 Kelvin color temperature and 2500 lux. Immediately prior to use, the
scaffolds were disinfected by submerging them in 70% ethyl alcohol under UV light for 10
minutes, rinsed in distilled water, then rinsed with fresh cell culture media. Dinoflagellate cells
were pelleted down at 2000 x g for five minutes and then added to the constructs in the cell culture
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medium in sterile 48-well plates at a density of 2 x 104 cells/ml. The cells were cultured with the
tubules for 2 hours, non-adherent cells were removed by rinsing, and the cell-seeded tubules were
cultured for 72 h at 16°C under the conditions described above. Autofluorescence of chloroplasts
in the NIR spectrum was utilized to image viable dinoflagellates attached to the tubules by livecell fluorescence microscopy (Figure 2.11).
2.2.12 HeLa culture on tubules
Capability of the tubules to support 3D cell growth was demonstrated on Poly-L-Lysine coated
gelatin-incorporated (15% w/v gelatin solution) tubules using HeLa cells, chosen for their wellestablished substrate adherence and availability. HeLa cells were maintained in DMEM
(Dulbecco’s Modified Eagle Medium), Nutrient mixture F-12 (DMEM/F12) supplemented with
10% fetal bovine serum (FBS), 1% ITS (human insulin, human transferrin, sodium selenite), 0.1%
penicillin at 37oC, 5% CO2. The constructs were sterilized in 70% ethyl alcohol under UV light
for 10 minutes and then washed with fresh cell culture media. The constructs were then treated
with 10 µg/mL of poly-L-Lysine (PLL) to promote cell adhesion and rinsed with sterile distilled
H2O. Cells were seeded onto constructs in complete medium in sterile 24-well polystyrene petri
dishes at a density of 106 cells/cm2; after 2 hours, the constructs were rinsed to remove nonadherent cells and cultured for 72 h at 37oC, 5% CO2.
The HeLa cells were labeled with cytoplasmic live cell indicator fluorescein diacetate and imaged
on a Zeiss Axio Observer microscope (Figure 2.12b, c). The cells on the constructs were fixed
with 4% paraformaldehyde, permeabilized with 0.5% Triton X-100, and AlexaFluor 555
phalloidin and TO-PRO-3 were used to stain actin and DNA, respectively. Images were acquired
on a Leica SP2 scanning confocal laser scanning microscope and reproduced on Imaris software
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(Bitplane). The actin component fluoresces red and is clearly visible; the cell nuclei are stained
blue (Figure 2.12d).
2.2.13 H9C2 cell culture on the tubules
H9C2 cells were used for 3D cell culture on the surface of chitosan-coated 15% gelatin
incorporated calcium chloride scaffolds. The cells were maintained in DMEM (Dulbecco’s
Modified Eagle Medium), Nutrient mixture F-12 (DMEM/F12) supplemented with 10% fetal
bovine serum (FBS), 0.1% penicillin, and 25mM HEPES at 37oC, 5% CO2. The chitosan coated
constructs were sterilized by submerging them in 70% ethyl alcohol under UV light for 1h and
then washed with fresh cell culture media before commencing the 3D cell culture experiments.
Cells were plated in the medium in sterile 24 well plates at a density of one million cells/cm2 along
with the constructs; the cells were left to adhere to the scaffold and proliferate for 24 h at 37oC,
5% CO2. The cells were labeled with cytoplasmic live cell indicator fluorescein diacetate and
imaged using a Zeiss live cell imager (Figure 2.13).
2.3 Results and discussion
2.3.1 Synthesis of chemical garden biomaterials
A series of sponge-mimetic scaffolds were prepared by solubilizing varying concentration of
gelatin (0,1,3,5,10 and 15% of gelatin) in 3 M sodium silicate and 0.5 M potassium phosphate
(K2HPO4) at 60o C followed by seeding with solid CaCl2 pellets. The calcium chloride dissolves
in the aqueous medium, this produces a semipermeable membrane of calcium silicate/phosphate
with intercalated gelatin, since the ionic concentration of Ca2+ is higher inside the membrane,
osmotic pressure develops causing the top of the membrane to rupture, the membrane formation
and rupture process repeats resulting in the formation of protein intercalated silicate-phosphate
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tubules. The sponge-mimetic tubules were maintained at 60o C for a period of 24 hours (we
observed that constructs that were synthesized for a shorter period of time were less robust and
tend to disintegrate during handling). The solutions were exchanged with water and stored in 70%
isopropanol at 4oC. The final constructs were robust and maintained integrity during repeated
handling and over an extended period (Figure 2.1 (B and C). Gelatin incorporated tubules of
diameters ranging from approximately 200 microns (Figure 2.1(C)) to 2 mm were prepared and
isolated.

Figure 2.1 A) Tubular Sponge. B) Chemical garden based sponge-mimetic: protein intercalated
tubular scaffolds constructed by seeding CaCl2 in a solution composed of 3M Sodium silicate,
0.5M K2HPO4 and 15% solubilized gelatin at 60oC. C) Reflected light image of gelatin-intercalated
silicate-phosphate scaffold tubules, Scale bar 200µm.
2.3.2 Transmission electron microscopy (TEM) analysis
The gelatin incorporated constructs and non-gelatin constructs were imaged using TEM. It is
evident from the TEM images (Figure 2.2A) that the gelatin-containing sample has a network
arising from gelatin incorporated into the inorganic scaffold. Furthermore, we observed fibers
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protruding out of the surface of the scaffold only in the gelatin samples. In contrast, the control
sample (Figure 2.2B) had sharp edges and no network was observed.

Figure 2.2 (A): Transmission electron micrographs of sponge-mimetic scaffolds (CaCl2 seeded in
3M sodium silicate and 0.5M K2HPO4) with 3% gelatin and (B) Control chemical gardens (CaCl2
seeded in 3M sodium silicate and 0.5M K2HPO4) without gelatin. TEM scale bars = 100nm.
2.3.3 Scanning electron microscopy (SEM) analysis
The 15% gelatin incorporated samples were tubular; the tubule walls are rich in texture (Figure
2.3 A and B). The exterior of the tubule had rough surface and was protein-rich and the interior
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had some well-shaped crystals which were observed in the higher resolution images (Figure 2.3B).
Previous studies of chemical garden materials (without gelatin) via EDS analysis have shown that
the interior of the tubules is mainly composed of NaCl crystals.9, 10 EDS analyses of the exterior
of 15% gelatin incorporated tubule (Figure 2.3C) indicated the presence of C, O, Na, P, Cl, K and
Ca.

Figure 2.3 (A) & (B) Scanning electron micrographs of tubule grown with 15% gelatin, 3M
sodium silicate, 0.5M K2HPO4 seeded with CaCl2, representative EDS spectra of (C) the outer
surface of the tubule and (D) the inner surface of the tubule Scale bars (A) 1 mm, (B) 100 µm.
The EDS of the inside surface of the tubule had C, O, Ca, Cl and traces of Na (Figure 2.3D). The
average element atom percent (n=3) for the inner surface was 20% carbon and 65% oxygen versus
42% carbon and 43% of oxygen for the outer surface. The carbon content in the outer surface is
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higher than the inner surface. In contrast to the gelatin incorporated sample, the control 0% gelatin
sample had only trace amounts of carbon; this indicates that gelatin had indeed been incorporated
in the structural framework of the gelatin-CaCl2-seeded chemical gardens. The SEM data for the
15% gelatin incorporated sample is presented because this sample was employed for the surface
modification and cell culture experiments carried out in this study.

Figure 2.4 EDS spectrum of control crystal garden with 0% gelatin (red), 3% gelatin (black) and
5% gelatin sample (green). Note that controls (lacking gelatin) have low Carbon.
A well-defined and prominent carbon peak was present in the 5% and 3% gelatin sample along
with peaks arising from other elements such as silicon and oxygen. In contrast, the 0% gelatin
sample had only trace amounts of carbon (Figure 2.4); this indicated that gelatin was incorporated
in the structural framework of the 5% and 3% gelatin CaCl2-seeded crystal gardens.
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2.3.4 Infrared spectroscopy
The incorporation of gelatin in the constructs was proved by the evidence from infrared
spectroscopy: the 15% gelatin construct had Amide I peak (C = O stretch) at 1650 cm-1, amide II
peak (N-H bend and C-N stretch) at 1600 cm-1, amide B peaks (N-H stretch) at 2800 and 2900 cm1

, and amide A peak (N-H stretch) at 3300 cm-1 showing the presence of gelatin (Figure 2.5). The

protein peaks were absent in the control 0% gelatin sample (Figure 2.6). The band at 1050cm-1 is
from the Si-O bond stretching originating from the silicate ions.11 The band at 3650cm-1
corresponded to an O-H bond stretch. Unlike the normal broad band for most O-H stretches this
band was shifted to a higher wave number and was significantly sharper.11 This was specific to a
“free” or non-hydrogen bonded hydroxyl group. Normally these peaks are not seen in most
samples due to prevalence of hydrogen bonding in hydroxyl containing compounds. Given the
composite nature of the sample it is possible that a sub-population of the hydroxyl groups within
the solid that did not participate in hydrogen bonding.
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Figure 2.5 FTIR spectrum of 15%gelatin-silicate-phosphate tubular scaffold
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Figure 2.6 IR spectrum of silicate-phosphate control scaffold without gelatin
2.3.5 X-ray diffraction
A Panalytical XPert PRO powder X-ray diffractometer was used to identify the inorganic
crystalline phases in the chemical garden materials generated by seeding solutions of 3M sodium
silicate, 0.5M dipotassium phosphate containing 0%, 10% and 15% solubilized gelatin with CaCl2
(Figure 2.7)
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Figure 2.7 Powder X-ray diffraction (XRD) analyses of control gelatin sample and chemical
garden materials generated by seeding solutions of 3M sodium silicate, 0.5M dipotassium
phosphate containing 0%, 10% and 15% solubilized gelatin with CaCl2. XRD analysis confirmed
the presence of CaSiO4, Ca(OH)2 and NaCl in all the samples. Amorphous gelatin was present in
the 10 and 15% gelatin incorporated samples; the intensity of the gelatin band is higher in the latter
sample.
Ca(OH)2 was identified in all the samples with peaks at 18.225, 28.844, 34.237, 47.216, 54.467,
59.550, 62.703, 64.376, 71.859, 81.922, 84.733, and 86.122 (2θ values). Peaks at 23.556, 29.598,
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32.748, 40.378, 43.278, 50.850, and 56.225 (2θ values) which belong to Ca2SiO4 were also
observed in all the samples along with peaks from NaCl at 31.874, 45.552, and 75.348 (2θ values).
An amorphous band of gelatin at 21.294(2θ value) was observed in the control gelatin sample and
in the 10% to 15% gelatin, as anticipated, the gelatin band was more intense in the case of the 15%
gelatin sample in comparison to the 10% gelatin sample. The gelatin band was absent in the control
sample without gelatin.
2.3.6 Programming surface chemistry
Scaﬀolds of natural sponges and the extracellular matrix of most organisms have cue/signal
molecules attached to them that promote cell attachment and other functions. A modular
technology to program the surface chemistry of the scaﬀolds was developed. The 15% gelatinbased construct (which was found to be most appropriate for cell culture) was employed for
chemical modification. The lysine residues on the gelatin component of the scaﬀolds were
biotinylated

using

1-ethyl-3-(3-(dimethylamino)propyl)

carbodiimide

(EDC)

and

N-

hydroxysuccinimide to produce the biotinylated construct (Scheme 2.1b).
The streptavidin/avidin-biotin complex is the strongest known noncovalent interaction (KD =
10−15 M).12 Streptavidin/avidin is a protein with four binding sites for biotin. Incubating the
biotinylated construct (Scheme 2.1b) with avidin would result in a construct coated with avidin
that possesses a high surface density of free biotin binding sites (Scheme 2.1c). The resulting
avidin-coated constructs could then be further treated with various biotinylated cue molecules to
make constructs with tailored surface properties (Scheme 2.1d).
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Scheme 2.1 Modular technology for programming the sponge-mimetic scaffolds with cue
molecules: a) Schematic representation of a gelatin and protein intercalated silicate-phosphate
tubule. b) Biotinylated sponge-mimetic scaffold tubule. c) Avidin modified Tubule b d)
Biotinylated Cue/Signal molecule decorated construct for further cell attachment studies.
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Figure 2.8 (a) Schematic representation of the control silicate−phosphate-intercalated spongemimetic tubule. (b) Schematic representation of biotinylated gelatin and a silicate−phosphateintercalated sponge-mimetic scaﬀold tubule complexed with streptavidin-coated dextran beads. (c)
SEM of the control sample (unbiotinylated): the streptavidin-coated beads do not attach to the
surface and are removed with repeated washing of the constructs. (d) SEM of the biotinylated
scaﬀold displaying streptavidin-coated dextran beads: the beads are strongly complexed to the
surface and remain attached even after thorough washing of the surface. Scale bars c and d are 10
µm.
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Biotinylation of the gelatin-intercalated scaﬀolds was confirmed by employing commercially
available streptavidin-coated dextran beads. Streptavidin-coated beads were incubated with
control constructs without biotin (Figure 2.8a) and with biotinylated constructs (Figure 2.8b),
followed by washing and then imaging via SEM. The control sample without biotin has no beads
attached to it (Figure 2.8c). It is evident from Figure 2.8d that a high density of beads was attached
to the biotinylated constructs via the biotin−streptavidin interaction.
2.3.7 Cue molecule attachment and 3D marine cell culture
The feasibility of using the scaﬀolds for 3D marine cell culture was evaluated using the crescentshaped unicellular dinoflagellate Pyrocystis lunula. The advantages of employing this
dinoflagellate strain are (a) lack of motility and (b) ease of testing cell viability (live cells fluoresce
in the far-red region). Pyrocystis lunula has a polysaccharide cell wall.13 To facilitate adhesion of
the cells, the surface chemistry of the gelatin and silicate−phosphate-intercalated sponge-mimetic
scaﬀold tubules was programmed in multiple steps to display the polysaccharide cue molecule
dextran (Scheme 2.1). The 15% gelatin construct (Scheme 2.1a) was first biotinylated (Scheme
2.1b) and then incubated with avidin to produce an avidin-coated construct with vacant biotin
binding sites (Scheme 2.1c). This was followed by incubation with biotinylated dextran (see
section 2.2.8 and Figure 2.1 for the detailed synthesis of biotinylated dextran) to produce the final
construct displaying polysaccharide cues (Scheme 2.1d). The extent of biotinylation of the amino
dextran was determined to be 9 biotins per dextran molecule by comparing the integration of the
proton peak (a) arising from dextran component and the proton peaks b and c from attached biotin.
(Figure 2.9)
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Figure 2.9 1H NMR spectrum of biotinylated amino dextran.
Modification of the scaﬀolds with dextran was confirmed via the standard UV-spectroscopy based
phenol−sulfuric acid assay; color development at 480 nm was observed in the dextran-modified
sample; no color development was observed in the control samples without dextran (Figure 2.10).
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Figure 2.10 The UV- visible absorption spectra of the Dextran coated constructs and the 15%
gelatin constructs (control).
Pyrocystis lunula was cultured on the surface of dextran-modified 15% gelatin calcium chloride
seeded scaﬀolds (Figure 2.11). Cell culture on the constructs was performed in accordance with
protocol described in the experimental section.
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Figure 2.11 (a) Schematic representation of marine dinoflagellate strain Pyrocystis lunula cultured
on the surface of 15% gelatin scaﬀolds modified prior to cell culture by biotinylation of the gelatin
component followed by incubation with avidin and further with biotinylated dextran cue molecules
and then imaged via (b) confocal laser scanning microscopy; the live dinoflagellate chloroplasts
fluoresce red. (c) Live cell imaging. Filter sets for Cy-5(red) were employed to image the live
dinoflagellate chloroplasts. Scale bars in b and c are 200 µm.
The dinoflagellate cells adhered very eﬃciently to dextran cue modified constructs; cell viability
and attachment were confirmed via confocal laser scanning microscopy. It is evident from Figure
2.11b that the chloroplasts of the live dinoflagellates attached to the scaﬀolds are fluorescent. The
dinoflagellate attachment and viability were also confirmed by live cell fluorescence microscopy;
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live cells embedded on the constructs fluoresce in the far-red region (Figure 2.11c). The cells on
the scaﬀolds are fluorescent over several days, confirming the long-term viability of cells on the
scaﬀolds. The dinoflagellates did not adhere to control 15% gelatin-incorporated samples that were
not modified with the polysaccharide cues. These experiments clearly demonstrate the feasibility
of using noncytotoxic chemical garden biomaterials (programmed with adhesion-promoting cue
molecules) for 3D marine cell culture.
2.3.8 3D mammalian cell culture experiments
The feasibility of performing 3D mammalian cell culture on the surface of poly-lysine cue coated
15% gelatin-incorporated scaﬀolds was evaluated using HeLa cells. Cell culture was carried out
via the protocol described in the experimental methods section. HeLa cells on the constructs were
labeled with cytoplasmic cell viability indicator FDA and imaged by confocal laser scanning
microscopy (Figure 2.12b) and live cell imager (Figure 2.12c); the constructs were completely
covered with viable cells that fluoresce green. The cells that cover the scaﬀolds were fluorescent
over several days, confirming the long-term viability of cells on the scaﬀolds. The actin component
of the cells on the scaﬀolds was stained with AlexaFluor 555 Phalloidin and the DNA was stained
with TO-PRO-3 and imaged using a confocal microscope (Figure 2.12d).
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Figure 2.12 (a) Schematic of 3D cell culture of HeLa cells on a calcium chloride-seeded 15%
gelatin silicate−phosphate tubular scaﬀold coated with cue molecule poly-L-lysine (PLL). (b)
Extended-focus image created from a confocal z stack of FDA-stained HeLa cells coating a tubule.
(c) Extended-focus image from a wide-field microscope of FDA fluorescence in HeLa cells on a
tubule. (d) Extended-focus image from a confocal z stack of HeLa cells on the tubule stained for
actin (AlexaFluor 555 Phalloidin) (red) and DNA (TO-PRO-3) (blue). Scale bars are (b) 200 µm,
(c) 100 µm, and (d) 50 µm.
The cells did not show significant attachment to control 15% gelatin samples without the PLL cue.
Preliminary experiments to optimize the attachment and culture of cardiomyocytes cell line H9C2
on the constructs was performed. PLL and chitosan cues were suitable for this cell line. Chitosan
coating on 15% gelatin-incorporated scaﬀolds was carried out in accordance with the procedure
outlined in section 2.2.10. The coating of chitosan on the scaﬀolds was confirmed by UV
spectroscopy based on the phenol−sulfuric acid assay: color development at 480 nm was observed.
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Cell culture was carried out in accordance with the protocol described in section 2.2.13. The H9C2
cells on the constructs were labeled with cytoplasmic live cell indicator FDA and viewed using
live cell imaging (Figure 2.13); from the figure, it is evident that the construct is covered with
viable cells that fluoresced green. The cell culture experiments demonstrated the adherence and
viability of mammalian cells on the scaﬀolds and their potential use for 3D mammalian cell culture.

Figure 2.13 H9C2 cells on the chitosan coated scaffold labeled with cytoplasmic live cell indicator
Fluorescein diacetate and imaged using a Zeiss live cell imager, the live H9C2 cells fluoresce
green.
The classic chemical garden experiment was transformed into a powerful modular technology for
producing programmable protein-intercalated silicate-phosphate tubules. In the current study, light
microscopy (Figure 2.1), TEM (Figure 2.2), and SEM experiments along with EDS (Figure 2.3)
demonstrated that the chemical garden biomaterials incorporating gelatin were tubular in
architecture, the external surface of the tubules is protein-rich, and the interior surface was less
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carbon rich and had some well-defined crystals; the gelatin network in the construct was clearly
visible in the TEM image. The presence of gelatin was further confirmed by IR spectroscopy
(Figure 2.5). XRD analysis indicated the presence of Ca(OH)2, NaCl, and CaSiO4 as the main
crystalline components of the scaﬀolds, along with a broad band of amorphous gelatin. (Figure
2.7). Among the various available proteins, gelatin was deliberately employed in the construction
of the scaﬀolds because it is soluble at elevated temperatures but forms a stable gel at room
temperature, thereby stabilizing and providing structural integrity to the final scaﬀolds. Scaﬀolds
incorporating other proteins that do not form a gel at room temperature such as bovine serum
albumin (BSA) were also prepared but not employed for further studies because they were fragile
in comparison to the gelatin-based constructs and tended to disintegrate during handling. It is
possible to use several cations other than Ca2+ to produce the constructs. Calcium was chosen
because it has consistently been associated with scaﬀolds of sponges and several other life forms
throughout the evolutionary biosphere. A series of chemical garden materials with increasing
concentration of gelatin were prepared. The highest concentration of gelatin that dissolves in
sodium silicate−dipotassium phosphate that we could achieve was 15% at 60 °C. The resulting
construct was the most cytocompatible among the samples prepared and was employed for the
surface modification and cell culture experiments. Programming the surface chemistry of the
gelatin-incorporated constructs via biotinylation followed by coating with avidin (as outlined in
Scheme 2.1) resulted in a construct with several biotin binding sites. This opens exciting avenues:
a wide range of biotinylated cue/signal molecules that modulate properties such as cell adhesion
and proliferation, and biotinylated nanoparticles (for a range of applications) can be easily
synthesized or are commercially available.14 Biotinylated cue/signal molecules and
nano/microparticles can be displayed on the surface of the scaﬀolds by incubating them with
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avidin-coated scaﬀolds (Scheme 2.1d). This technology is modular and aﬀords a general route to
program the surface properties of the scaﬀolds for a range of possible applications.
2.4 Conclusion
Sponge mimetic scaﬀolds were prepared by solubilizing gelatin in 3 M sodium silicate and 0.5 M
potassium phosphate (K2HPO4) at 60°C, followed by seeding with solid CaCl2 pellets to produce
novel chemical garden biomaterials. Light microscopy (Figure 2.1), TEM (Figure 2.2), and SEM
experiments along with EDS (Figure 2.3) indicated that the chemical garden biomaterials
incorporating gelatin were tubular in architecture, the external surface of the tubules is carbon- and
protein-rich, and the interior surface has some well-defined crystals and was more inorganic in
nature. The presence of gelatin was confirmed by IR spectroscopy (Figure 2.5). Powder X-ray
diﬀraction was used to identify inorganic crystalline phases in the scaﬀolds as mainly composed
of Ca(OH)2, NaCl, and Ca2SiO4 along with a band corresponding to amorphous gelatin (Figure
2.7). We have demonstrated the ability to modulate the surface chemistry of the tubular scaﬀolds
with exquisite control via bioconjugation or coating to decorate the scaﬀolds with various cue
molecules. Furthermore, we have expanded the scope of this technology by synthesizing
nano/microparticle-decorated constructs by surface attachment (streptavidin-coated dextran beads
were attached to biotinylated scaﬀolds). The 350-year-old problem of linking chemical gardens
with life has been revisited with a new generation of chemical garden biomaterials: we have
successfully shown that protein incorporated chemical garden materials can indeed support life by
serving as scaﬀolds that facilitate the attachment and assembly of individual cells to form
multicellular entities: scaﬀolds with tailor-made surface properties were employed for the
successful 3D cell culture of test marine (Pyrocystis lunula) and mammalian (HeLa and H9C2)
cell lines. The attachment and viability of cells on the constructs were established by live cell
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imaging and confocal laser scanning microscopy. 3D cell culture on surface-optimized scaﬀolds
with several other marine cell lines such as choanoflagellates and other mammalian cell lines such
as osteoblasts will be explored in the future; this technology will be also employed in the future
for biomolecular materials development.
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Chapter 3
Calcium Silicate-Phosphate scaffolds incorporating macromolecules of cyanobacterial origin
3.1 Introduction
The mechanism by which multicellular animal life evolved: an important unanswered question
that continues to receive significant attention. The sponge cell (choanocytes) bear a remarkable
resemblance to a unicellular organism, the choanoflagellates: both cell types have an ovoid cell
body, at the top of the cell is a collar (choano), and the cells also have a long flagellum.
Choanoflagellates can exist in both unicellular and colonial forms, this transition is considered as
the key step involved in evolution of the first sponges.1, 2 Even though choanoflagellates are
unicellular, they have many different genes that are necessary for multicellularity including those
for cell adhesion (cadherins and C type lectins), cell signaling (e.g., GPCRs), gene regulation (e.g.,
p53) and most interestingly those coding for the extra cellular matrix (the integrins, collagen
repeats and laminin).1,2 Judged on fossil evidence the emergence of the first multicellular animal
forms such as sponges occurred ~600 million years ago.3 This corresponds to the end of the
Precambrian ice age. The global melting of ice was triggered by a pronounced increase in volcanic
activity that lead to the release of green-house gases and widespread flooding of the oceans with
nutrient rich water. This resulted in a massive cyanobacterial (oxygen producing) bloom in the
oceans and the associated global oxygenation event that facilitated the emergence of the unicellular
organisms which could produce collagen and subsequently multicellular life.4 The cell walls of
cyanobacteria are composed of peptidoglycans.5 Unicellular life forms (which are sophisticated
chemical factories) and their dead debris are a rich source of proteins, peptidoglycans, and
polysaccharides which could serve as cell adhesion molecules. It is likely that the increased
volcanic activity at this point in evolution also produced a large number of natural chemical
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gardens (hydrothermal vents systems are associated with volcanic activity under the ocean floor).
We hypothesize that proteins, polysaccharides, peptidoglycans, sulfanolipids (which serve as cell
adhesion molecules), originating from unicellular organisms in the oceans, could have attached to
the surface of and may have been incorporated into the fabric of the natural chemical gardens
formed at the volcanic hydrothermal vents at this point in evolutionary history. The resulting
chemical gardens modified by cell adhesion molecules, could then have served as the scaffolds on
which choanoflagellates attached, assembled and adapted to produce the first sponges.
In chapter 2, the lack of a protein component in synthetic chemical gardens, was addressed by
seeding a concentrated sodium silicate-potassium phosphate solution containing solubilized
gelatin (partially hydrolyzed collagen) with calcium chloride. This resulted in our report on sponge
mimetic tubules composed of protein intercalated silicate-phosphate.6
It should be noted that exciting reports of the discovery of Micrometer sized tubular chemical
gardens which are ascribed to mineralized remains of bacterial sheaths and extracellular filaments
coated by iron oxyhydroxide (subsequently coated with silica and iron oxyhydroxide in successive
venting cycles at hydrothermal vent systems) have been discovered by geobiochemists7. There is
also a divergent school of thought that believes in the abiotic origin of such tubular constructs by
natural self-organization or inorganic components from silica rich spring water derived from
serpentization- it has been shown chemical reactions of silica, metal carbonates and metal
hydroxides can produce complex tubular biomimetic structures.
How exactly these structures are formed is not moot point of the current study; that tubular
scaffolds can indeed be formed by natural processes (a hypothesis supported by both the schools
of thought above) is of however of utmost importance to the model evolution of ocean sponges
that that we propose and test here by building a biomimetic model system.
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In this chapter, we present the fabrication of biohybrid chemical garden sponge mimetic tubules
that incorporate ingredients of cyanobacterial origin, such as, sodium alginate, agar, and spirulina.
Sodium alginate is a natural polysaccharide derived from the cell walls of brown algae, agar is
polysaccharides derived from agarophytes algae, and Spirulina (Arthrospira platensis) is a
filamentous cyanobacteria. The final constructs bear a remarkable morphological resemblance to
the scaffolds of tubular sponges. This discovery transforms the classic chemical garden experiment
into a highly innovative technology to create advanced biomaterials.
The morphology and composition of the resulting biomaterials was determined by a battery of
techniques including light microscopy, scanning electron microscopy (SEM), energy dispersive
X-ray (EDS) analysis, IR spectroscopy and powder X-ray diffraction. Tubular constructs
consisting of a network of polysaccharides intercalated with inorganics were observed. SEM and
EDS experiments show that external surface of the tubes are more amorphous and carbon rich
whereas the interior surface is more crystalline in nature. Powder XRD studies confirm that these
scaffolds are mainly composed of Ca(OH)2, CaSiO4, NaCl and polysaccharides.
3.2 Experimental
3.2.1 Materials
Sodium silicate was obtained from Ward’s science, sodium alginate was from Sigma Aldrich,
Spirulina was procured from Vitamin Shoppe; agar, dipotassium hydrogen phosphate, and calcium
chloride pellets (anhydrous, 4-20 mesh) from Fisher Scientific. AlexaFluor 555 phalloidin and TOPRO-3 from Molecular Probes, and fluorescein diacetate from Alfa Aesar. HeLa cells and normal
adult primary dermal fibroblasts were purchased from ATCC.
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3.2.2 Instrumentation
An Agilent Technologies 845x UV-Vis spectrophotometer equipped with ChemStation Rev.
A.10.01 software was used to record the UV/Vis spectra. Transmission electron microscopy
(TEM) images were recorded using a FEI Tecnai G2 Twin microscope. An Amray 1910 field
emission scanning electron microscope equipped with an energy-dispersive X-ray spectroscopy
(EDS) detector (ThermoNoran, Madison, WI) was employed for imaging and X-ray microanalysis
and element mapping. Infrared spectra were recorded using a Thermo Scientific, Nicolet 6700
Fourier Transform spectrometer. A Zeiss Axio Observer Z1 with incubation stage and a Leica
SP2 scanning confocal laser scanning microscope were used for brightfield and fluorescence
imaging.
3.2.3 Synthesis of scaffolds incorporating ingredients of cyanobacterial origin
The sponge mimic scaffolds were prepared by solubilizing polysaccharides like sodium alginate
(0-15% of final solution concentration), agar (0-10%), or spirulina (0-3%) in 3 M sodium silicate
and 0.5 M potassium phosphate (K2HPO4) at 60oC followed by seeding with solid CaCl2. The
hybrid chemical gardens were allowed to develop over a period of 6 hours. The reactions were
typically done in vials, then removed from heat and the solution was exchanged with water, the
pH was then adjusted to 7.4, and the constructs were dried and stored under vacuum.
3.2.4 Scanning electron Microscopy (SEM) Analysis
Scanning electron microscopy (SEM) was performed to analyze the morphology of the tubules
and energy-dispersive X-ray spectroscopy (EDS) analysis was performed to determine the
composition of the tubules as described in Chapter 2.
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3.2.5 3D Marine Cell Culture and Imaging
The dinoflagellate cell line Pyrocystis lunula was cultured on the surface of calcium chloride
scaffolds containing 15% Na alginate, 10% agar, or 3% spirulina. Pyrocystis lunula cells were
cultured in 500mL vented Erlenmeyer flask in L1 algal growth medium. The algal cultures were
maintained in a 12hr dark-light cycle with lighting provided by cool white fluorescent bulbs (300
foot-candles) at 22°C. The scaffolds were disinfected by submerging them in 70% ethyl alcohol
under UV light for 1h and then washed with fresh cell culture media before commencing the 3D
cell culture experiment. Dinoflagellate cells were pelleted down at 1000g for five minutes and then
added to the constructs in the cell culture medium in sterile 48 well plates at a density of
20000cells/mL. The cells were co-precipitated on the surface of 15% Na alginate scaffolds along
with 0.025% Na alginate. The cells were left to adhere to the scaffold and proliferate for 30 days
at 22°C under the culture conditions described above. The chloroplasts in live dinoflagellates
fluoresce in the NIR region (red) while dead cells do not. The scaffolds with dinoflagellates
attached on their surface were imaged via confocal laser scanning microscopy. The live
dinoflagellates attached to the constructs were imaged using a live-cell imager.
3.2.6 3D Mammalian cell culture
The ability of the scaffolds to support 3D cell growth was demonstrated on Poly-L-Lysine coated
sodium alginate-incorporated (15% w/v sodium alginate solution) tubules using HeLa and normal
adult primary dermal fibroblasts cell lines. The cells were attached to the scaffolds via protocol
described in Chapter 2 (Section 2.2.12)
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3.3 Results and discussion
3.3.1 Synthesis of polysaccharides incorporated chemical garden
A series of polysaccharides incorporated chemical garden biomaterials were prepared by
solubilizing varying concentration of polysaccharides (0,5,10,15% of Na alginate; 3, 5, 10% agar;
and 1, 3% spirulina) in 3 M sodium silicate and 0.5% potassium phosphate (K2HPO4) at 60o C
followed by seeding with solid CaCl2 pellets. The highest concentration of polysaccharide we
employed represents the upper limit of its solubility that we could achieve in our experiments. The
calcium chloride dissolves in the aqueous medium, this produces a semipermeable membrane of
calcium silicate/phosphate with intercalated polysaccharides, since the ionic concentration of Ca2+
is higher inside the membrane, osmotic pressure develops causing the top of the membrane to
rupture, the membrane formation and rupture process repeats resulting in the formation of
polysaccharide intercalated silicate-phosphate tubes. The polysaccharides incorporated tubes were
maintained at 60o C for a period of 8 hours. The scaffolds were washed with water at room
temperature. The pH of the constructs in water was 11.0, this was adjusted to 7.4 for cell culture
by immersing the constructs in PBS for 3 hours while exchanging the medium every half hour.
The final constructs are robust and maintain integrity during repeated handling and over an
extended period, these were further rinsed with water and stored under vacuum.
3.3.2 Scanning Electron Microscopy (SEM) Analysis
The samples incorporating various polysaccharides (sodium alginate/ agar/ spirulina) were
characterized by SEM (Figures 3.1, 3.2, and 3.3). The samples intercalating various
polysaccharides are tubular in architecture, and the tube walls are rich in texture. The exterior of
the tube is rough and polysaccharide rich and the interior has some degree of crystallinity which
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can be observed in the Figures 3.1B and 3.2B. The presence of needles and flowers like structures
on the outer surface of the tubules in Figure 3.2D indicates the presence of calcium silicate hydrate;
similar flower like morphologies have been reported in literature.8

Figure 3.1 SEM images of tube grown with 15% sodium alginate, 3M sodium silicate, 0.5M
K2HPO4 seeded with CaCl2. Scale bars: (A) 100µm, (B) 50 µm, (C) 10µm, (D) 5µm.
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Figure 3.2 SEM images of scaffolds grown with 10% agar, 3M sodium silicate, 0.5M K2HPO4
seeded with CaCl2. Scale bars: (A) 100µm, (B) 50 µm, (C) 10µm, (D) 5µm.
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Figure 3.3 SEM images of scaffolds grown with 3% spirulina, 3M sodium silicate, 0.5M K2HPO4
seeded with CaCl2. Scale bars: (A) 100µm, (B) 50 µm, (C) 10µm, (D) 5µm.
3.3.3 Energy Dispersive X-ray Spectroscopy (EDS)
Energy dispersive X-ray (EDS) analysis of the exterior of polysaccharides incorporated tube
indicates the presence of carbon, oxygen, sodium, phosphorous, chlorine, potassium and calcium.
The carbon content of the polysaccharides incorporated scaffolds increases with an increase in the
concentration of polysaccharides in the solution (Figures 3.4, 3.5, and 3.6). In contrast, the control
sample with 0% polysaccharide only trace amounts of carbon; this indicated that the
polysaccharides had incorporated in the structural framework of the polysaccharide-CaCl2-seeded
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chemical gardens. EDS data from other groups studying chemical gardens (without
polysaccharides) is comparable to our control sample (Chapter 2, Figure 2.4).9

Figure 3.4 EDS spectrum of chemical garden with 5% Na alginate (green), 10% Na
alginate(blue) and 15% Na alginate sample (red).
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Figure 3.5 EDS spectrum of chemical garden with 3% agar (green), 5% agar (blue) and 10%
agar sample (red).
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Figure 3.6 EDS spectrum of chemical garden with 1% spirulina (red), and 3% spirulina (blue).
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3.3.4 Infrared Spectroscopy
The incorporation of polysaccharides in the constructs was indicated by infrared spectroscopy. All
the polysaccharide incorporated constructs had CH2 bending vibration at 1430 cm-1, C-O-C
stretching vibration of β-(1-4) glycosidic bond at 890 cm-1 associated with the presence of the
saccharides (Figures 3.7, 3.8, and 3.9). These peaks were absent in the 0% polysaccharide
incorporated control sample (Chapter 2, Figure 2.6). The band at 1050cm-1 was from the Si-O bond
stretching originating from the silicate ions.10 The band at 3650cm-1 corresponded to a O-H bond
stretch.

Figure 3.7 FTIR spectrum of 15% sodium alginate-silicate-phosphate tubular scaffold.
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Figure 3.8 FTIR spectrum of 10% agar-silicate-phosphate tubular scaffold

Figure 3.9 FTIR spectrum of 3% spirulina-silicate-phosphate tubular scaffold
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3.3.5 X-ray diffraction
A Panalytical XPert PRO powder X-ray diﬀractometer was used to identify the inorganic
crystalline phases in the chemical garden materials generated by seeding solutions of 3 M sodium
silicate and 0.5 M dipotassium phosphate containing 0, 10, and 15% solubilized Na alginate with
CaCl2 (Figure 3.10). Ca(OH)2 was identified in all the samples with peaks at 18.225, 28.844,
34.237, 47.216, 54.467, 59.550, 62.703, 64.376, 71.859, 81.922, 84.733, and 86.122 (2θ values).
Peaks at 23.556, 29.598, 32.748, 40.378, 43.278, 50.850, and 56.225 (2θ values) that belong to
Ca2SiO4 were also observed in all the samples along with peaks from NaCl at 31.874, 45.552, and
75.348 (2θ values). An amorphous band Na alginate at 22.781 (2θ value) was observed in the
control Na alginate sample and in the 10−15% Na alginate, as anticipated, the amorphous band
was more intense in the case of the 15% Na alginate sample in comparison to the 10% Na alginate
sample. The amorphous band was absent in the control sample without Na alginate. In case of agar
and spirulina incorporated samples, some additional peaks were also observed along with the peaks
corresponding to Ca(OH)2, Ca2SiO4, and NaCl. These peaks at 21.035, 23.643, 28.401, 29.258,
31.362, 33.537, 35.598, 39.135, 42.824, 47.306, 48.376, and 49.498 indicated the presence of
calcium silicate hydrate (Figures 3.11 and 3.12). The absence of the peaks corresponding to
calcium silicate hydrate in sodium alginate incorporated samples could be due to the crosslinking
of calcium ions with alginate.
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Figure 3.10 Powder XRD analyses of control Na alginate sample and chemical garden materials
generated by seeding solutions of 3M sodium silicate, 0.5M dipotassium phosphate containing 0%,
10% and 15% solubilized Na alginate with CaCl2.

Figure 3.11 Powder XRD analyses of control agar sample and chemical garden materials
generated by seeding solutions of 3M sodium silicate, 0.5M dipotassium phosphate containing
0%, 5% and 10% solubilized agar with CaCl2.
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Figure 3.12 Powder XRD analyses of control spirulina sample and chemical garden materials
generated by seeding solutions of 3M sodium silicate, 0.5M dipotassium phosphate containing 0%,
1% and 3% solubilized spirulina with CaCl2.
3.3.6 3D Marine cell culture
The crescent shaped unicellular dinoflagellate, Pyrocystis lunula was used to test the feasibility of
using the scaffolds for 3D marine cell culture. Pyrocystis lunula has a polysaccharide cell wall.11
To facilitate adhesion of the cells, 0.025% Na alginate was employed to coprecipitate the cells on
the surface of 15% Na alginate calcium chloride seeded scaffolds (Figure 3.13). The dinoflagellate
cells adhered very efficiently with Na alginate onto the constructs; cell viability and attachment
were confirmed via confocal microscopy. Fluorescence of the chloroplast of dinoflagellates
attached to the scaffold in Figure 3.13 confirms that the cells are alive. The attachment and viability
of Pyrocystis lunula was also confirmed using the live-cell imaging; the live cells embedded on
the constructs fluoresced in the far-red region (Figure 3.13 B). The cells on the scaffolds were
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fluorescent over one month confirming the long-term viability of cells on the scaffolds.
Furthermore, we also observe that some of the cells on the scaffolds are in the process of dividing
(Figure 3.13.B). These exciting results indicate that alginate SMTs are non-cytotoxic, the fact that
the cells are indeed dividing on the surface of the scaffolds supports our model of evolution and
lays the groundwork for future experiments with choanoflagellates to potentially build an ocean
sponge bottom up.
Our strategy of using the calcium ion induced cross linking of alginate to co-precipitate and trap
marine cells on the surface of SMTs served as a mimic the ancient historic events that could have
occurred in the deep ocean. The oceanic waters in contact with natural chemical garden tubules at
hydrothermal vents 600 million years ago had all the chemical and biological components
necessary for the evolution of sponges via our proposed mechanism: debris of cyanobacteria were
a source of the necessary alginate or other calcium ion cross-linkable proteoglycans, Ca2+ and
choanoflagellates were also present in the ocean at that point in evolutionary history. The calcium
mediated crosslinking of oceanic alginate or other algae-based proteoglycans and entrapment of
choanoflagellates and assembly on the surface of hybrid chemical gardens at hydrothermal vents
are reasonably anticipated events that could have occurred in nature facilitating the evolution of
the prehistoric ancestors of the first sponge. The cell-culture data of only sodium alginate
incorporated scaffolds is presented, as there was very little attachment of cells on the agar and
spirulina incorporated scaffolds.
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Figure 3.13 Pyrocystis lunula co-precipitated with 0.025% sodium alginate on the surface of 15%
Na alginate scaffolds imaged after 30 days via (A) Confocal laser scanning microscopy, the live
chloroplasts fluoresce red. (B) Live cell imaging, filter sets for Cy-5(red) were employed to image
the dividing dinoflagellate chloroplasts. Scale bars (b) 100 µm and (c) 50 µm.
3.3.7 3D Mammalian cell culture experiments
HeLa cells and normal adult primary dermal fibroblasts were used to test the 3D mammalian cell
culture on the surface of poly-L-lysine coated 15% Na alginate incorporated scaffolds. Cell culture
was carried out via the protocol described in the experimental section 3.2.6.
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Figure 3.14 (a) Schematic of 3D cell culture of HeLa cells on calcium chloride seeded 15% Na
alginate silicate-phosphate tubular scaffold coated with cue molecule poly-L-lysine (PLL). (b)
HeLa cells on the scaffold labeled with cytoplasmic live cell indicator fluorescein diacetate viewed
using a live cell imager (c) Bright field image of the scaffold covered with live HeLa cells. (Scale
bars (b) 100 µm, and (c) 100µm)
Live HeLa cells on the constructs were labeled with cytoplasmic cell viability indicator fluorescein
diacetate (FDA) and viewed using the live cell imager (Figure 3.14b). The figures indicate that the
constructs are covered with viable cells which fluoresce green. The cells which completely cover
the scaffolds are fluorescent over several days confirming the long-term viability of cells on the
scaffolds.
Live fibroblasts on the constructs were labeled with fluorescein diacetate and viewed using the
live cell imager (Figure 3.15b). The fluorescent cells in the figure above shows that the constructs
were covered with viable cells. The fibroblasts attached to the scaffolds were fluorescent over
three weeks which indicates the long-term viability of cells on the scaffolds.

69

Figure 3.15 (a) Schematic of 3D cell culture of fibroblasts on calcium chloride seeded 15% Na
alginate silicate-phosphate tubular scaffold coated with cue molecule poly-L-lysine (PLL). (b)
fibroblasts on the scaffold labeled with cytoplasmic live cell indicator FDA viewed using the live
cell imager (c) Bright field image of the scaffold covered with live fibroblasts. (Scale bars (b) 100
µm, and (c) 100µm)
Various polysaccharides (sodium alginate, agar, and spirulina) incorporated scaffolds were
fabricated by the classic chemical garden experiment to study the cytocompatibility of
programmable silicate-phosphate tubules incorporating the components of cyanobacterial origin.
In the current study, a series of chemical garden materials with increasing concentration of various
polysaccharides were prepared. The highest concentrations of various polysaccharides in sodium
silicate−dipotassium phosphate that we could achieve was 15% sodium alginate, 10% agar, and
3% spirulina at 60 °C. The 15% sodium alginate constructs were found to be the most
cytocompatible among the samples prepared and was employed for the surface modification and
cell culture experiments.
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3.4 Conclusion
Biohybrid chemical garden sponge mimetic tubules that incorporate ingredients of cyanobacterial
origin, such as, sodium alginate, agar, and spirulina were prepared by solubilizing various
polysaccharides in 3 M sodium silicate and 0.5 M potassium phosphate (K2HPO4) at 60o C
followed by seeding with solid CaCl2 pellets to produce novel chemical garden biomaterials. SEM
analyses indicated that the chemical garden biomaterials incorporating polysaccharides were
tubular in architecture, the external surface of the tubules was rough, and the interior surface had
some well-defined crystals. EDS analysis of the exterior of polysaccharides incorporated tube
indicated the presence of carbon, oxygen, sodium, phosphorous, chlorine, potassium and calcium.
The carbon content of the polysaccharides incorporated scaffolds increased with an increase in the
concentration of polysaccharides in the solution. The presence of various polysaccharides was
confirmed by IR spectroscopy. Powder X-ray diffraction was used to identify inorganic crystalline
phases in the scaffolds as mainly composed of Ca(OH)2, NaCl and Ca2SiO4 along with a band
corresponding to amorphous Na alginate. Agar and spirulina incorporated samples also indicated
the presence of calcium silicate hydrate along with Ca(OH)2, NaCl and Ca2SiO4. Chemical garden
materials incorporating ingredients of cyanobacterial origin can support life by serving as scaffolds
which facilitate the attachment and assembly of individual cells to form multicellular entities.
Scaffolds with ingredients of cyanobacterial origin were employed for the successful 3D cell
culture of test marine (Pyrocystis lunula and mammalian (HeLa and fibroblasts) cell lines. Live
cell-imaging and confocal microscopy was used to demonstrate the attachment and viability of
cells on the constructs.
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Chapter 4
Antimicrobial peptide mimetic synthetic amphiphilic polyacrylates with 2-carbon and 6carbon spacer arms and an uncharged repeat unit 41
4.1 Introduction
Global increase in infections involving antibiotic resistant bacteria is a severe threat to human
health.1-3 A recent report predicts more than 10 million fatalities due to antimicrobial resistance by
2050, which would surpass deaths caused by cancer.4 As compared to target-specific conventional
antibiotics, natural antimicrobial peptides (AMPs) have been shown to attack the bacterial cell
surface through non-specific electrostatic and lipophilic interactions.5-6 AMPs with both cationic
groups and lipophilic groups (amphiphilicity) selectively attack the net negatively charged
bacterial cell surface over mammalian cells, as only weak hydrophobic interactions prevail
between net neutral cell surface of mammalian cells and cationic amphiphilic AMPs.5-6 Oral
administration and large scale synthesis or isolation of sequence specific AMPs can be a challenge,
whereas synthetic polymer analogous of AMPs could be rapidly synthesized on large scale in a
cost-effective manner.6 Substantial research in the last decade has shown that synthetic polymer
systems mimicking the fundamental principles of AMPs can show high antibacterial activity, even
exceeding the activity of AMPs in several instances.6-39 However, the toxicity of synthetic
amphiphilic towards mammalian cells is a major hurdle towards their wide-scale therapeutic
applications. For biomedical applications, selective activity of amphiphilic polymers against
bacteria over mammalian cells is highly desired. However, the macromolecular design features
affecting the bacterial cell versus mammalian cell toxicity are not well understood, even though a
number of studies in recent years have focused on the development of structure-activity
relationships for synthetic amphiphilic polymers.6-39
72

It was recently shown that control of spatial cationic charge density through variation in spacer
arm (distance from polymer backbone to cationic center) design can lead to highly selective
(bacteria over red blood cells) antibacterial activity.34 The homopolymer of 6-carbon spacer arm
is highly antibacterial and hemolytic, whereas the homopolymer of 2-carbon spacer arm monomer
has low activity against Escherichia coli

(E. coli) but displayed non-hemolytic activity.35

Interestingly, copolymerization of just a small mol% of 2-carbon spacer arm monomer with 6carbon spacer arm monomer led to three orders of magnitude reduction in hemolytic activity
without significant deterioration of antibacterial activities.35 On the other hand, it has been shown
in earlier reports that “separate center” copolymer architecture with cationic and hydrophobic
groups on separate repeat units shows higher antibacterial and hemolytic activity in comparison
with “same center” homopolymer with cationic and hydrophobic groups on same repeat unit.38
Here we report a new terpolymer architecture with a combination of “same center” 6-carbon and
2-carbon spacer arm design with “separate center” architecture by interspersing cationic repeat
units with hydrophobic repeat units. The mol% content of 6-carbon spacer arm repeat units was
kept approximately constant while the effects of variation in mol% of 2-carbon spacer arm with
respect to alkyl acrylates and the length of alkyl side group were investigated on the antibacterial
and hemolytic activities of these terpolymers. Our investigations found that the combination of
spacer arm and separate center design can have a synergistic effect leading to increase in
antibacterial activity and the optimization of amphiphilic balance and lipophilicity can result in
concomitant lower hemolytic activity. The bactericidal activities of these polymers were
confirmed by time-kill studies. SEM analyses were performed to ascertain the membrane
disruption mechanism of antibacterial activity of copolymers.
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4.2 Experimental
4.2.1 Materials
6-amino-1-hexanol, 2-(methylamino)ethanol, 2,2’-azobis(2-methylpropionitrile) (AIBN), methyl
3-mercaptopropionate (MMP), N,N-diisopropylethylamine, acetonitrile (anhydrous), hexane,
diethyl ether, and methanol were purchased from Sigma-Aldrich and were used without further
purification. Acryloyl chloride was purchased from Sigma-Aldrich and was purified by distillation
prior to use. Ethyl acrylate, methyl acrylate, and butyl acrylate were obtained from Sigma-Aldrich
and were treated with inhibitor remover prior to use. Trifluoroacetic acid and di-tert-butyl
dicarbonate (t-Boc) were purchased from Alfa Aesar and were used without further purification.
4.2.2 Instrumentation
1

H NMR spectra were obtained on a Varian Unity NMR spectrometer (600 MHz) using CDCl3 or

D2O as solvents. Molecular weights of polymers were estimated against linear polystyrene
standards via gel permeation chromatography using an EcoSec HLC-83220 gel permeation
chromatography instrument (RI detector, TSKgel SuperHZ-N (3µm 4.6mm ID) and TSKgel
SuperHZ-M (3µm 4.6 mm ID) columns). Tetrahydrofuran was used a solvent for GPC at a flow
rate of 0.35 mL/minute.
4.2.3 Synthesis of N-Boc protected 6-hexanol-1-amine39
Scheme 4.1 Synthesis of tert-butyl (6-hydroxyhexyl)carbamate.
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4.92 g (42 mmol) 6-hexanol-1-amine, 30 mL THF, and 50 mL 1M NaOH were added to a 250mL
round bottom flask. 9.16 g (42 mmol) di-tert-butyldicarbonate in 20 mL tetrahydrofuran was then
added dropwise to the reaction mixture. The reaction was allowed to stir at room temperature for
24 hours. The reaction mixture was extracted with ethyl acetate, and subsequently washed with
water and saturated sodium bicarbonate solution. The resulting organic layer was dried with
sodium sulfate, and solvent was evaporated using rotavapor to obtain pure compound in 64% yield.
1

H NMR (600 MHz, CDCl3): δ 1.26-1.38 (m, 4H), 1.39-1.43 (s, 9H), 1.43-1.48 (m, 2H), 1.50-1.57

(m, 2H), 3.08 (t, 2H), 3.6 (t, 2H).
4.2.4 Synthesis of N-Boc protected 2-(Methylamino)ethanol40
Scheme 4.2 Synthesis of 2-(Methylamino)ethanol.

8.6 mL (107 mmol) 2-(methylamino)ethanol and 110 mL distilled water were added to a 250 mL
round bottom flask. 27 mL (118 mmol) di-tert-butyldicarbonate was added dropwise to the
reaction mixture. The reaction mixture was left for stirring at 34 oC for 3 hours, followed by
extraction with ethyl acetate, and subsequently washed with water and saturated sodium
bicarbonate solution. The organic layer was dried with sodium sulfate, and solvent was evaporated
using rotavapor to obtain pure compound in 90% yield. 1H NMR (600 MHz, CDCl3): δ 1.45 (s,
9H), 2.92 (s, 3H), 3.38 (s, 2H), 3.73 (s, 2H).
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4.2.5 Synthesis of Monomers: 6-((tert-butoxycarbonyl)amino)hexyl acrylate (Monomer
M6)39
Scheme 4.3 Synthesis of 6-((tert-butoxycarbonyl)amino)hexyl acrylate.

N-Boc protected 6-hexanol-1-amine (6.6 g, 30 mmol), triethyl amine (5.7 mL), and
dicloromethane (60 mL) were added into a 100 mL round bottom flask. The flask was sealed and
reaction mixture was degassed with nitrogen for 5 minutes. A solution of acryloyl chloride (2.5
mL, 30 mmol) in 5mL dichloromethane was added dropwise to the reaction mixture at 0oC. The
reaction mixture was allowed to warm to room temperature and stirred overnight, followed by
washing with distilled water and saturated sodium bicarbonate solution. The organic layer was
dried with sodium sulfate and solvent was evaporated using rotavapor. The resultant liquid was
purified by silica gel chromatography using 9:1 hexane/ethyl acetate as eluent. 60% yield. 1H NMR
(600 MHz, CDCl3): δ 1.28-1.36 (m, 4H), 1.37-1.42 (s, 9H), 1.42-1.48 (m, 2H), 1.63 (m, 2H), 3.06
(s, 2H), 4.10 (t, 2H), 5.77 (dd, 1H), 6.07 (q, 1H), 6.35 (dd, 1H).
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4.2.6 Synthesis of 2-((tert-butoxycarbonyl)methylamino)ethyl acrylate (Monomer M2):11
Scheme 4.4 Synthesis of 2-((tert-butoxycarbonyl)methylamino)ethyl acrylate

14.8 g (84.5 mmol) N-Boc protected 2-(methylamino)ethanol was added to a 500 mL round bottom
flask already charged with 130 mL dichloromethane and 22.6 mL (130 mmol) N,Ndiisopropylethylamine. The flask was sealed and degassed with nitrogen for 5 minutes. 7.312 mL
(90 mmol) Acryloyl chloride was added to reaction mixture at 0oC. The reaction mixture was
allowed to warm to room temperature and stirred overnight. Reaction mixture was then washed
with distilled water, 10% citric acid solution, 10% potassium carbonate solution, and saturated
sodium bicarbonate solution. Organic layer was dried with sodium sulfate, and solvent was
evaporated using rotavapor. Silica gel chromatography (hexane/ethyl acetate 1:1) was employed
to obtain pure monomer in 65% yield. 1H NMR (600 MHz, CDCl3): δ 1.41 (s, 9H), 2.88 (s, 3H),
3.48 (s, 2H), 4.23 (s, 2H), 5.81 (d, 1H), 6.09 (q, 1H), 6.38 (d, 1H).
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4.2.7 Synthesis of amphiphilic polymers
Scheme 4.5 Synthesis of cationic amphiphilic polyacrylate terpolymers34-38

Copolymers were synthesized via free radical polymerization and N-Boc protecting groups were
subsequently cleaved by treatment with excess trifluoroacetic acid. A representative synthesis
procedure is as follows. 1.30 g (4.8 mmol) of monomer M6, 0.51 g (2.24 mmol) of monomer M2,
and 0.096 g (0.96 mmol) of ethyl acrylate were added into a 100 mL round bottom flask already
charged with 0.013 g (0.08 mmol) of AIBN. In this reaction mixture, 0.048 g (0.4 mmol) of methyl
3-mercaptopropionate was added as a chain transfer agent. Acetonitrile (8 mL) was added as a
solvent and the reaction mixture was subsequently degassed with nitrogen for 15 minutes using a
stainless-steel needle. The mixture was stirred at 65 °C for 18 h followed by evaporation of solvent
using rotavapor. The polymer was then repeatedly precipitated in hexane by first dissolving in
small quantity of tetrahydrofuran. To cleave N-Boc protecting groups, polymer was treated with
excess trifluoroacetic acid (TFA) for 3 h. After the completion of reaction, excess TFA was
removed using rotavapor and polymer was dissolved in small quantity of methanol and repeatedly
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precipitated into diethyl ether. The resultant polymer was dried under vacuum for 2 days and
lyophilized.Yield was 0.58 g. 1H NMR (600 MHz, D2O): δ 1.22-1.32 (bs, 13H) δ 1.34-1.46 (bs,
95H), 1.57-2.59 (bm, 204H), 2.71 (s, 2H), 2.78-2.84(bs, 30H), 2.97-3.03 (bs, 46H), 3.36-3.44 (bs,
19H), 3.72 (s, 3H),3.99-4.20 (bs, 52H), and 4.30-4.43 (bs, 19H). 1H NMR of all other cationic
amphiphilic polymers and GPC curves of precursor polymers are as shown in section 4.5 and 4.6
respectively.
4.2.8 Determination of antibacterial activity
Polymer stock solutions were prepared in dimethyl sulfoxide and two-fold dilutions were prepared
using distilled water. An aliquot of E. coli (TOP 10, ampicillin resistant) was inoculated into
freshly prepared Luria-Bertani (LB) broth. After overnight incubation of E. coli at 37 °C (under
stirring); 1 mL of bacterial suspension was diluted with 9 mL of freshly prepared LB broth to
enable log phase growth. Log phase growth of E. coli was confirmed by an increase in optical
density from OD600 ~ 0.1 to OD600 ~ 0.45-0.5. This bacterial cell suspension in log phase was
diluted with fresh LB broth to prepare a final stock cell suspension with OD600 = 0.001. 90 µL of
this stock cell suspension was added into each well of the 96 well tissue culture plate followed by
the addition of 10 µL of polymer concentrations. The 96 well plates were incubated at 37°C (under
stirring) for 18 h and bacterial cell growth was measured as turbidity at optical density at λ = 600
nm (OD600). Minimum inhibitory concentration (MIC) is defined as the lowest polymer
concentration required to inhibit 100% bacterial cell growth. MICs were similarly determined
against Staphylococcus aureus (S. aureus) (ATCC 25923) with the exception that Muller-Hinton
broth was used in place of Luria-Bertani broth. The MIC values shown here are the averages of
three separate experiments performed on different days.
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4.2.9 Determination of hemolytic activity
Freshly drawn mice blood was centrifuged at 3000 rpm for 15 minutes, and white blood cells and
plasma were removed as supernatant followed by washing (2X) red blood cells (RBCs) with Trisbuffered saline (TBS). 1 mL of RBCs were diluted with TBS to obtain 2.5% RBC stock
suspension. 130 µL of this RBC suspension, 15 µL of TBS, and 15 µL of polymer concentration
were added to each 0.6 mL microcentrifuge tubes. The tubes were incubated under shaking at 37
°C for 1h. The suspension was centrifuged at 4000 rpm for 5 minutes and 30 µL supernatant was
added (in triplicate) into each well of the 96 well tissue culture plate. The lysing ability of polymers
towards RBCs was determined in terms of hemoglobin concentration by measuring optical density
at λ = 414 nm (OD414). Hemolytic concentration-50% (HC50) value is defined as the minimum
polymer concentration required to lyse 50% of the RBCs within an incubation period of 1 h. For
100% hemolysis, 1% Triton was used as a positive control. The HC50 values reported here are the
averages of three separate experiments. Following formula was used to calculate HC50:
-./0/ 23456789-./0/ :7;<=>?7 @3:=834
𝐻𝑒𝑚𝑜𝑙𝑦𝑠𝑖𝑠% = -./0/
𝑋 100
A8>=3:0%9-./0/ :7;<=>?7 @3:=834

4.2.10 SEM analyses of bacterial membrane rupture
E. coli and S. aureus cells were incubated (at 37 °C under shaking) overnight in Luria-Bertani
broth and Muller-Hinton broth respectively. Bacterial cells from the overnight cell culture were
bought to log phase growth by following the similar procedure as described above in determination
of antibacterial activity. This cell suspension in log phase growth was subsequently diluted with
freshly prepared nutrient broth to obtain a final stock cell suspension of approximately 108 CFU
mL-1 (OD600 ~ 0.1 for E. coli; and OD600 ~ 0.2 for S. aureus). 900 µL of this cell suspension was
mixed with 100 µL of polymer concentration in a 1.5 mL centrifugation tube and incubated for 2
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h at 37°C under shaking. After 2 h, the cell suspension was centrifuged at 4000 rpm for 5 minutes
and supernatant was decanted. Bacterial cells were washed twice with Phosphate-buffered saline
and subsequently fixed using glutaraldehyde (2.5%) treatment for 1 h. Cells were then washed
with distilled water and dehydrated sequentially with 30%, 50%, 70%, 80%, 90%, and 100%
(v/v%) aqueous ethanol solutions. E. coli and S. aureus cell suspensions without polymer treatment
were used as control. The resultant dehydrated cells were dried under vacuum (room temperature)
for 2 days and were then mounted on SEM sample holder using carbon tape. For SEM analysis,
gold/palladium (60:40) alloy coating was applied on samples via sputter coater and samples were
analyzed at an operating voltage of 5 kV on an AMRAY 1910 field emission scanning electron
microscope.
4.2.11 Determination of time dependent killing efficiency
E. coli and S. aureus cell suspensions were prepared at log phase growth as described above.
Bacterial cell suspensions with approximately 105 CFUs mL-1 were treated with polymer
concentrations (1xMIC and 2xMIC) at 37°C under shaking. At time intervals of 0 h, 1 h, and 2 h;
the cell suspension was taken out and serially diluted (in ten folds). 20 µL of final cell suspension
was streaked on agar plate and incubated for 24 h (at 37°C). The CFUs were counted using the
Image J processing and analysis software. Bacterial cell suspension without polymer treatment
was used control. Results reported here are the averages of two separate experiments and the
detection limits of experiments were in the range of 228 – 320 CFUs in agar plates.
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4.3 Results and discussion
4.3.1 Design and synthesis of copolymers
Copolymers were synthesized via free radical polymerization as shown in Scheme 4.5. The feed
mol% of M6 monomer was kept constant at 60 mol% and the relative mol% of M2 monomer and
alkyl acrylate was gradually varied as the feed mol% of alkyl acrylate was changed from 0 mol%
to 24 mol% (Scheme 4.5 and Table 4.1). 1H NMR was used to determine the purity and
composition of copolymers and the actual mole percentages of comonomers were close to
corresponding feed mole percentages. Molecular weights of N-Boc protected polymers were
estimated by gel permeation chromatography (GPC) using linear polystyrene standards. All
polymers were synthesized at similar molecular weights as confirmed by GPC (table 4.1 and figure
4.15). “PolyM6-M2” represents the polymer with 60 mol% of M6 monomer and 40 mol% M2
monomer and other copolymers in this series are represented by the representative nomenclature
“PolyX-Y%” where X indicates the identity of alkyl acrylate (X = M (methyl acrylate); E (ethyl
acrylate); and B (butyl acrylate)) and Y% is the feed mol% of corresponding alkyl acrylate.
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Table 4.1 Characterization and biological activities of copolymers

Polymer

Feed
mol%
of alkyl
acrylate

Actual
Mn
mol% of
PDIc
alkyl
(kDa)b
acrylatea

E.
coli
MIC
(µg
mL1
)
125
125
62
30
93
62
22
62
15
7.8

Selectivity
S.
(HC
50/MIC)
aureus
HC50
MIC
(µg/mL) E.
S.
(µg
-1
coli
aureus
mL )

PolyM6-M2 0
0
3.8
1.4
62
>2000
>16 >32
PolyM-4%
4
3
3.7
1.4
62
>2000
>16 >32
PolyM-12% 12
10
3.7
1.4
62
>2000
>32 >32
PolyM-24% 24
21
3.7
1.4
62
423
14
7
PolyE-4%
4
4
3.7
1.4
62
>2000
>21 >32
PolyE-12% 12
12
3.7
1.4
62
>2000
>32 >32
PolyE-24% 24
21
3.8
1.4
46
384
17
8
PolyB-4%
4
4
4.1
1.4
62
1428
23
23
PolyB-12% 12
11
3.9
1.3
38
250
16
7
PolyB-24% 24
24
4.4
1.3
22.5
12.6
1.6 0.56
a
calculated from 1H NMR
b
Number average molecular weight estimated from gel permeation chromatography
(GPC)
c
Polydispersity index calculated from GPC

4.3.2 Antibacterial activity of polymers toward E. coli and S. aureus
Antibacterial activities of polymers were determined against gram-negative E. coli and grampositive S. aureus in terms of MICs and are as shown in Figures 4.1 and 4.2, and Table 4.1. A
series of copolymers were synthesized to study the antibacterial activities of this terpolymer design
and various combinations of spacer arm repeat units with hydrophobic side groups. PolyM6-M2
with 60 mol% of 6-carbon spacer arm (M6) repeat unit and 4 mol% of 2-carbon spacer arm repeat
unit (M2) displayed moderately high antibacterial activity against E. coli (MIC = 125 µg mL-1).
Incorporation of 12 mol% of repeat unit with methyl side group led to a significant increase in
antibacterial activity, and the copolymer with approximately 24 mol% of methyl acrylate
comonomer unit demonstrated high activity against E. coli (MIC = 32 µg mL-1). It should be noted
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that the mol% of M6 was kept constant at approximately 60% in all these copolymers and mol%
of M2 was reduced to compensate for the inclusion of increasing mol% of hydrophobic
comonomer.
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Figure 4.1 Antibacterial activities (MIC) of copolymers towards E. coli. Error bars represent
standard deviation.
The copolymerization of ethyl and butyl side groups also led to increase in activity against E. coli.
Incorporation of just 12 mol% of comonomer units with butyl side group led to a dramatic increase
in antibacterial activity towards E. coli (MIC = 15 µg mL-1). Longer alkyl side groups substantially
increase the lipophilicity of copolymers leading to enhanced permeability of copolymers through
the hydrophobic core of lipid bilayer.
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Antibacterial activities of these polymers were also determined against gram-positive

S. aureus.

The activities of these polymers show lesser effect of the inclusion of hydrophobic comonomer on
their activities against S. aureus. Copolymerization of up to 24 mol% of methyl side groups did
not lead to any increase in the activity against S. aureus, whereas a dramatic increase in activity
against E. coli was observed, as discussed above. Similarly, increasing the mol% of ethyl acrylate
till 24% did not lead to substantial impact on the activity of polymer against S. aureus.
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Figure 4.2 Antibacterial activities (MIC) of copolymers towards S. aureus. Error bars represent
standard deviation.
Incorporation of butyl side groups resulted in higher activity against S. aureus, but the increase in
activity against S. aureus was significantly lower as compared with increase in activity against E.
coli at same mol% of butyl side groups.

85

These observations indicate that to enhance the activity of these polymers against S. aureus a much
higher level of lipophilicity is required. The reason behind this observation could be because of
the differences in the cell surface morphology of S. aureus and E. coli. The cell wall of the S.
aureus is made of a thick negatively charged peptidoglycan layer (15-80 nm thick), whereas the
E. coli cell wall consists of a thin peptidoglycan layer sandwiched between the outer and inner cell
membrane.36 The permeabilization of polymers through thick cell wall of S. aureus can be
hindered due to strong electrostatic interactions between these highly charged polymers and
negatively charged peptidoglycan layer. Thus, as compared with E. coli., a substantially higher
content of longer alkyl side groups may be required to show an increase in activity against S.
aureus.
4.3.3 Hemolytic activity of polymers toward mouse red blood cells (RBCs)
Hemolytic activities of polymers were determined against mice RBCs in terms of hemolytic
concentration 50% (HC50), which is the minimum polymer concentration required to lyse 50% of
RBCs within an incubation period of 1 h. HC50 values of polymers are as shown in Figure 4.3 and
Table 4.1. 35, 8 RBC’s cell membrane consists of zwitterionic phospholipid head groups and thus,
it lacks net negative charge on its surface.5, 6 The synthetic amphiphilic polymers can penetrate the
RBC’s cytoplasmic membrane through hydrophobic interactions.11 PolyM6-M2 with cationic
charge on each repeat unit demonstrated non-hemolytic activity. High cationic charge density can
prevent the permeabilization of the polymers through lipophilic core of lipid bilayer, thereby
reducing the lysing ability of polymers towards RBCs.35, 38
In the terpolymer system described here, M6 and M2 were copolymerized with a third comonomer
with alkyl side group i.e. methyl, ethyl, or butyl side group in various molar percentages.
Incorporation of a hydrophobic comonomer should increase the hemolytic activity of these
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copolymers. However, the RBC cell rupture ability of these polymers was decreased by presence
of higher cationic charge density originating from M6 and M2 and by optimizing the mol% of
hydrophobic comonomer. We did not observe an increase in hemolytic activity up to 12 mol%
of methyl acrylate (HC50 > 2000 µg mL-1). At 24 mol% of methyl acrylate, the copolymer
displayed higher hemolytic activity (HC50 = 423 µg mL-1). Similarly, no increase in hemolytic
activity was observed with up to 12 mol% of ethyl acrylate repeat units but a higher mol% of 24%
led to increased hemolytic activity. This increase in hemolytic activity indicates that a certain
mol% of M2 repeat units is required to prevent the penetration of these polymers through RBC’s
cell membrane. Relative to incorporation of methyl and ethyl acrylate comonomers, addition of
just 12 mol% of butyl acrylate resulted in substantial increase in hemolytic activity (HC50 = 250
µg mL-1). At approximately 24 mol% of butyl acrylate, PolyB-24% demonstrated high hemolytic
activity (HC50 = 12.6 µg mL-1).
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Figure 4.3 Hemolytic activity (HC50) of polymers towards mice RBCs. Results shown are
averages of three experiments (size of error bars is negligible).
The copolymer system reported here shows that addition of 2-carbon spacer arm comonomer units,
M2, can substantially decrease the hemolytic activity arising from very hydrophobic 6-carbon
spacer arm counits. Furthermore, incorporation of ethyl or methyl side groups in a controlled
manner did not lead to significant increase in hemolytic activity. As shown above, at optimum
levels of alkyl acrylate copolymerization, this terpolymerization of 6-carbon spacer arm, 2-carbon
spacer arm, and alkyl acrylate repeat units have improved the antibacterial activities with no
detrimental effect on hemolytic activity.
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4.3.4 Selectivity of Copolymers
The selectivity of a polymer toward bacteria over RBC is defined as the ratio of hemolytic activity
to MIC (HC50/MIC). As shown in Table 4.1, majority of polymers synthesized in this study
displayed high selectivity towards both E. coli and S. aureus over RBCs. Incorporation of methyl
or ethyl side groups led to higher selectivity against E. coli over RBCs. PolyB-12% and PolyB24% showed low selectivity values due to their high hemolytic activities arising from higher
hydrophobicity.
4.3.5 Scanning electron microscopy analysis of bacterial membrane disruption
The membrane rupturing mechanism of the polymers was analyzed using field emission scanning
electron microscopy (SEM) on E. coli and S. aureus cells after treatment with PolyE-12%. As
shown in Figure 4.4, control (without polymer treatment) E. coli and S. aureus cells show intact
cell surface morphologies. Treatment of E. coli cells with PolyE-12% for 2 h displayed severe
rupture of bacterial cell surface. Similar to our observation in E. coli, S. aureus cells treated with
PolyE-12% displayed extensive damage to the cell surface. SEM analyses showed that in addition
to possible intracellular mechanisms of bacterial cell death, these copolymers also had high ability
to rupture bacterial cell membrane.

5

Thus, the development of bacterial resistance would be

hindered due to such severe bacterial cell surface damage caused by non-specific electrostatic and
hydrophobic activity of these polymers.
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Figure 4.4 FE-SEM micrographs of a) E. coli without polymer treatment; b) E. coli after
treatment with PolyE-12%; c) S. aureus without polymer treatment; and d) S. aureus after
treatment with PolyE-12%.
4.3.6 Time dependent killing efficiency
Time dependent killing efficiency studies were performed for PolyE-12% against E. coli and S.
aureus at 1xMIC and 2xMIC concentrations.
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Figure 4.5 Colony forming units of S. aureus at (a) t = 0h (undiluted) and (b) at t = 1h after
treatment with PolyE-12%(1XMIC). Time-dependent killing efficiency analysis of PolyE-12%
towards a) E. coli and b) S. aureus. Results shown here are the averages of two experiments (size
of error bars is negligible).
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As shown in Figure 4.5, within 1 h of PolyE-12% treatment (1xMIC), more than 99.9% of both E.
coli and S. aureus CFUs were found to be killed and no viable CFUs/mL were observed after 2 h
of PolyE-12% treatment (1xMIC). This 5-log reduction of bacterial CFUs within few hours of
incubation with PolyE-12% demonstrates high bactericidal activity of these polymers. It was
observed that during the same time period, there was substantial proliferation of bacterial CFU/mL
in control suspension (without polymer treatment). These time-kill studies demonstrate rapid
bactericidal activity for our terpolymer system and substantiate very high bacterial killing potency.
4.4 Conclusions
It was previously reported that amphiphilic acrylic random copolymers with a combination of 6carbon and 2-carbon spacer arms counits displayed high antibacterial activities with concomitant
low hemolytic activities.35 In this study, we have combined “separate center” and “spacer arm”
design to synthesize

novel cationic amphiphilic random terpolymers having hydrophobic

monomer copolymerized with 6-carbon and 2-carbon spacer arm comonomers. Substantial
increase in antibacterial activities without detrimental effects on hemolytic activities was observed
by controlled replacement of 2-carbon spacer arm counit with hydrophobic alkyl comonomer. This
strategy led to polymers with highly selective antibacterial activities towards bacteria over RBCs.
SEM analyses showed severe damage to bacterial cell surface morphology which confirms the cell
membrane disruption mechanism of antibacterial polymers. Furthermore, time-dependent bacterial
killing efficiency studies demonstrated rapid bacterial killing action by polymers with 100% S.
aureus killing efficiency achieved within one hour of treatment, corresponding to a 5-log reduction
of bacterial CFU mL-1. Due to the low hemolytic activity and high bactericidal activity of this new
amphiphilic polymer system, they may contribute to widespread therapeutic applications for
fighting infections caused by antibiotic drug resistant bacteria.
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4.5 1H NMR spectra of cationic amphiphilic polymers and determination of actual mole
percentage of the repeating units in polymers

Figure 4.6 1H NMR spectrum of PolyM6-M2.
In Figure 4.6, a broad single peak at δ 2.99-3.04 (a) belongs to methylene protons in M6 monomer
repeating unit. Methylene protons in M2 monomer repeating unit (k) give a chemical shift at δ
3.37-3.45. Mole percentages of the repeating units are calculated as below assuming chain transfer
as mode of termination:
Mol% of M6 repeat unit: (36/2) ÷ (18 + 11) = 62%
Mol% of M2 repeat unit: (22/2) ÷ (18 + 11) = 38%
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Figure 4.7 1H NMR spectrum of PolyM-4%.
In Figure 4.7, a broad single peak at δ 2.91-2.97 (a) belongs to methylene protons in M6 monomer
repeating unit. Methylene protons in M2 monomer repeating unit (k) give a chemical shift at δ
3.30-3.38. A broad single peak at δ 3.61-3.64 corresponds to methoxy protons (p) in methyl
acrylate monomer. Mole percentages of the repeating units are calculated as below assuming chain
transfer as mode of termination:
Mol% of M6 repeat unit: (28/2) ÷ (14 + 8 +0.67) = 62%
Mol% of M2 repeat unit: (16/2) ÷ (14 + 8 +0.67) = 35%
Mol% of methyl acrylate repeat unit: 2/3 ÷ (14 + 8 +0.67) = 3%
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Figure 4.8 1H NMR spectrum of PolyM-12%.
In Figure 4.8, a broad single peak at δ 2.91-2.97 (a) belongs to methylene protons in M6 monomer
repeating unit. Methylene protons in M2 monomer repeating unit (k) give a chemical shift at δ
3.30-3.38. A broad single peak at δ 3.61-3.66 corresponds to methoxy protons (p) in methyl
acrylate monomer. Mole percentages of the repeating units are calculated as below assuming chain
transfer as mode of termination:
Mol% of M6 repeat unit: (31/2) ÷ (15.5 + 7 +2.33) = 62%
Mol% of M2 repeat unit: (14/2) ÷ (15.5 + 7 +2.33) = 2%
Mol% of methyl acrylate repeat unit: 7/3 ÷ (15.5 + 7 +2.33) = 10%
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Figure 4.9 1H NMR spectrum of PolyM-24%.
In Figure 4.9, a broad single peak at δ 2.91-2.97 (a) belongs to methylene protons in M6 monomer
repeating unit. Methylene protons in M2 monomer repeating unit (k) give a chemical shift at δ
3.30-3.38. A broad single peak at δ 3.61-3.66 corresponds to methoxy protons (p) in methyl
acrylate monomer. Mole percentages of the repeating units are calculated as below assuming chain
transfer as mode of termination:
Mol% of M6 repeat unit: (30/2) ÷ (15 + 3.5 +5) = 64%
Mol% of M2 repeat unit: (7/2) ÷ (15 + 3.5 + 5) = 15%
Mol% of methyl acrylate repeat unit: 15/3 ÷ (15 + 3.5 +5) = 21%
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Figure 4.10 1H NMR spectrum of PolyE-4%.
In Figure 4.10, a broad single peak at δ 2.96-3.02 (a) belongs to methylene protons in M6 monomer
repeating unit. Methylene protons in M2 monomer repeating unit (k) give a chemical shift at δ
3.36-3.44. A broad single peak at δ 1.23-1.32 corresponds to methyl protons (p) in ethyl acrylate
monomer. Mole percentages of the repeating units are calculated as below assuming chain transfer
as mode of termination:
Mol% of M6 repeat unit: (33/2) ÷ (16.5 + 8.5 +1) = 63%
Mol% of M2 repeat unit: (17/2) ÷ (16.5 + 8.5 +1) = 33%
Mol% of ethyl acrylate repeat unit: 3/3 ÷ (16.5 + 8.5 +1) = 4%
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Figure 4.11 1H NMR spectrum of PolyE-12%.
In Figure 4.11, a broad single peak at δ 2.97-3.03 (a) belongs to methylene protons in M6 monomer
repeating unit. Methylene protons in M2 monomer repeating unit (k) give a chemical shift at δ
3.36-3.44. A broad single peak at δ 1.23-1.32 corresponds to methyl protons (p) in ethyl acrylate
monomer. Mole percentages of the repeating units are calculated as below assuming chain transfer
as mode of termination:
Mol% of M6 repeat unit: (46/2) ÷ (23 + 9.5 +4.33) = 62%
Mol% of M2 repeat unit: (19/2) ÷ (16.5 + 8.5 +1) = 26%
Mol% of ethyl acrylate repeat unit: 13/3 ÷ (16.5 + 8.5 +1) = 12%
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Figure 4.12 1H NMR spectrum of PolyB-4%.
In Figure 4.12, a broad single peak at δ 2.98-3.05 (a) belongs to methylene protons in M6 monomer
repeating unit. Methylene protons in M2 monomer repeating unit (k) give a chemical shift at δ
3.36-3.48. A broad single peak at δ 0.93-1.00 corresponds to methyl protons (p) in ethyl acrylate
monomer. Mole percentages of the repeating units are calculated as below assuming chain transfer
as mode of termination:
Mol% of M6 repeat unit: (30/2) ÷ (15 + 9 +1) = 60%
Mol% of M2 repeat unit: (18/2) ÷ (15 + 9 +1) = 36%
Mol% of ethyl acrylate repeat unit: 3/3 ÷ (15 + 9 +1) = 4%
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Figure 4.13 1H NMR spectrum of PolyB-12%.
In Figure 4.13, a broad single peak at δ 2.96-3.03 (a) belongs to methylene protons in M6 monomer
repeating unit. Methylene protons in M2 monomer repeating unit (k) give a chemical shift at δ
3.34-3.44. A broad single peak at δ 0.93-1.00 corresponds to methyl protons (p) in ethyl acrylate
monomer. Mole percentages of the repeating units are calculated as below assuming chain transfer
as mode of termination:
Mol% of M6 repeat unit: (37/2) ÷ (18.5 + 7 +3.33) = 64%
Mol% of M2 repeat unit: (14/2) ÷ (18 + 7.5 +3.33) = 25%
Mol% of ethyl acrylate repeat unit: 10/3 ÷ (18 + 7.5 +3.33) = 11%
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Figure 4.14 1H NMR spectrum of PolyB-24%.
In Figure 4.14, a broad single peak at δ 2.96-3.03 (a) belongs to methylene protons in M6 monomer
repeating unit. Methylene protons in M2 monomer repeating unit (k) give a chemical shift at δ
3.33-3.45. A broad single peak at δ 0.91-1.03 corresponds to methyl protons (p) in ethyl acrylate
monomer. Mole percentages of the repeating units are calculated as below assuming chain transfer
as mode of termination:
Mol% of M6 repeat unit: (37/2) ÷ (18.5 + 4.5 +7.33) = 61%
Mol% of M2 repeat unit: (9/2) ÷ (18.5 + 4.5 +7) = 15%
Mol% of ethyl acrylate repeat unit: 22/3 ÷ (18.5 + 4.5 +7) = 24%
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4.6 Estimation of molecular weight through gel permeation chromatography (GPC)
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Figure 4.15 Gel permeation chromatography elution curves of Boc protected copolymers.
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Chapter 5
Bioactive PLGA Nanofibers by Solution Blow Spinning for the Treatment of Cancer and
Traumatic Wound Care.
5.1 Introduction
Nanofiber scaffolds have a range of applications including wound dressing1 and drug delivery.2
Nanofibers are generally prepared by electrospinning. The requirement of specialized instrument,
and high voltages limits the use of electrospinning in the deposition of nanofibers in surgeries.3
Solution blow spinning is a simple technique to fabricate nanofibers.3 It uses a commercially
available airbrush and pressurized stream of an inert gas to propel a viscous polymer solution. The
action of the gas causes the solvent to disperse, allowing the polymer chains to solidify as
nanoscopic fibers on the surface in front of the gas stream. Poly(DL-lactide-co-glycolide) (PLGA),
a Food and Drug Administration (FDA) approved polymer, is most commonly used material for
the synthesis of nanofiber scaffolds for tissue engineering applications. It is a copolymer of lactide
and glycolide, which degrades via simple hydrolysis. When these polymers are exposed to aqueous
media such as buffers or tissue, breaks the polymer backbone by the reaction of water with the
ester linkages. The degradation of polymers leads to the formation of water soluble fragments that
ultimately hydrolyzed to glycolic and lactic acids, which are processed through normal metabolic
pathways. PLGA has faster biodegradability than polylactide because of the presence on
hydrophilic glycolic acid units. PLGA nanofibers are widely investigated in wound dressing,4 drug
delivery,5 and tissue engineering6 applications due to its non-toxic degradation products and good
mechanical properties. Solution blow spinning has been used to make nanoscopic fibers of PLGA
to seal off surgical wounds on various internal organs.3 PLGA nanofibers are also capable of being
applied to brain tissue. 7
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The term “Nutraceutical” is a combination of two words, “nutrient” and “pharmaceutical”.
Nutraceuticals are the bioactive compounds that have therapeutic properties along with a basic
nutritional value. In this work, we have studied two promising nutraceuticals, curcumin and
rosmarinic acid, with a broad range of therapeutic properties.
Curcumin is a diphenol extracted from the root of the turmeric plant Curcuma longa. It has
displayed many therapeutic properties in vitro. These include but are not limited to anti-cancer,
anti-viral, anti-bacterial, and anti-oxidant activities, as well as the ability to promote wound
healing.

8-14

Rosmarinic acid is a phenolic acid found in the herb rosemary. It has various

therapeutic properties; which like curcumin include anti-bacterial, anti-cancer, and anti-oxidant
activities. 15-16 Both curcumin and rosmarinic acid have short in vivo half-lives, hence its essential
to develop a sustained drug-delivery system.
Phytochemicals with anti-cancer activity, such as curcumin and rosmarinic acid, tend to have much
fewer side effects than typically used chemotherapeutics. The degree of side effects of
phytochemicals greatly dwarfs the side effects of radiation therapy. Radiation therapy for cancer
employs high energy forms of radiation, including X-rays and gamma rays, in high doses to kill
off cancer cells. While radiation therapy for cancer is an effective method for the elimination of
tumor cells and tissue, its benefits are short lived. Although it is linked to a reduced recurrence of
cancer during the first three years after treatment, beyond five years there is no difference in
recurrence between patients who did not receive radiation therapy, and those who did.17 Moreover,
according to the National Cancer Institute, radiation therapy is associated with a multitude of
common side effects, including diarrhea, fatigue, hair loss, tooth decay, oral sores, loss of taste,
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nausea, vomiting, inflammation of the esophagus, infertility, memory loss, and a decline in
cognitive function.18
Here we used a commercially available spray gun (Figure 5.1) for solution blow spinning, to
produce PLGA nanofibers encapsulating nutraceuticals curcumin and rosmarinic, which can be
used for the bioactive sealing of wounds after the removal of tumor, and rapid traumatic wound
care.19 Given that the bioactive additives are strongly adsorbed to the solid PLGA fibers, these
bioactive compounds do not quickly leach upon exposure to water. Instead, the ester bonds slowly
break down while the fibers are in contact with aqueous solutions. While placed on a capillary bed,
the fibers will breakdown at a rate to release useful amounts of their bioactive payload and produce
local concentrations high enough to exert their intended effects. The slightly basic pH (7.4) of the
blood does help increase the rate of breakdown of polyesters. The morphology and diameter of
the nanofibers were compared via field emission scanning electron microscopy (FE-SEM). The
drug release kinetics of the curcumin loaded PLGA nanofibers was studied. The mechanical
strength of the nanofibers was compared via dynamic mechanical analyzer (DMA). The anticancer, wound healing, and antibacterial activities of the nutraceuticals incorporated PLGA
nanofibers (NIPN) were determined through various assays.
5.2 Experimental
5.2.1 Materials Poly(DL-lactide-co-glycolide) 50:50 with inherent viscosity 0.95 -1.20 dL/g was
purchased from Lactel Absorbable Polymers. HeLa cells were purchased from ATCC. HPLC grade
acetone and ethanol were purchased from Sigma-Aldrich.
5.2.2 Instrumentation
A commercially available Master airbrush G222 set, 0.2 mm nozzle diameter was used for solution
blow spinning of PLGA nanofibers. McMaster-Carr panel mount gas flowmeter was used, 2-20
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SCFH. An Agilent Technologies 845x UV-Vis spectrophotometer equipped with ChemStation
Rev. A.10.01 software was used to record the UV/Vis spectra. A Zeiss Axio Observer Z1 with
incubation stage and a Leica SP2 scanning confocal laser scanning microscope were used for live
cell imaging. An Amray 1910 FE-SEM was employed for 3D imaging of nanofibers.
5.2.3 Fabrication of bioactive PLGA nanofibers
Solution blow spinning was used to prepare mats of PLGA, 50:50 lactic to glycolic acid with
inherent viscosity (IV) of 0.93 dL/g in hexafluoroisopropanol, using a commercial airbrush and
compressed CO2. Solutions composed of 10% (w/v) PLGA and 3% (w/v) bioactive compounds in
HPLC grade acetone were loaded into the airbrush and sprayed at CO2 flow rate of 13SCFH onto
a glass cover slip at a distance of 10 cm from the nozzle.
5.2.4 Morphological analysis of nanofibers by FE-SEM
The morphology and diameter of nanofibers was analyzed using scanning electron microscopy.
The nanofibers were sputter coated with a 10nm coating of Au-PD on a microscope slide; which
was fixed to an aluminum SEM stub. Imaging of the fibers was conducted at an accelerating
voltage of 3 kilovolts at magnifications of 250, 640, 2000, and 5000x on an AMRAY 1910 FESEM.
5.2.5 Confocal microscopy of curcumin loaded nanofibers
PLGA nanofibers embedded with curcumin were imaged using a Leica SP2 confocal microscope.
A 405nm laser was used to excite the curcumin loaded into the fibers. The photomultiplier tube
was set to detect curcumin's fluorescence at 480 nm.
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5.2.6 In vitro degradation
100 milligrams of curcumin embedded nanofiber mats were submerged in 10mL phosphate
buffered saline (PBS) (pH 7.4) and incubated at 37°C while shaking at 150 rpm. Curcumin release
in the supernatant liquid was monitored by ultraviolet-visible (UV-Vis) spectrophotometry. The
supernatant liquids were collected and replaced with fresh PBS on alternate days. The supernatant
liquid was diluted with ethanol to make a solution of 75:25 ethanol: supernatant liquid, and the
absorbance at 430 nm was measured. Using Beer-Lambert's law and the known absorption
coefficient of curcumin, the concentration of curcumin released was calculated. Samples were
tested in duplicate.
5.2.7 Water-soluble tetrazolium (WST) Assay
The cytotoxicity of the bioactive PLGA nanofibers against HeLa cells was determined with the
water-soluble tetrazolium (WST) assay. 3500 cells where plated on transwell plates for 24 hours.
The cells were exposed to the nanofiber mats, prepared under sterile conditions, at concentrations
of 2 mg/mL, 1.5mg/mL, 1 mg/mL, and 0.5 mg/mL by placing the nanomats in the lower chamber
of the transwells and incubating for 72 hours using Dulbecco's modified Eagle medium (DMEM).
After 72 hours of incubation, transwells were moved to empty chambers. 10%WST-1 premixed
solution was added to the wells and after incubation for 1 hour the absorbance was monitored at
440nm using a plate reader. The results were analyzed using Graph Pad Prism software.
5.2.8 Evaluation of mechanical properties of nanofibers
Dynamic mechanical analysis was performed to analyze the mechanical properties of nanofibers.
PLGA nanofibers were sprayed on the glass microscopic slides for one minute at CO2 flow rate of
13 SCFH. Samples were cut to the dimensions of 35 mm height by 6 mm width and mounted on a
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film tension clamp of the Dynamic Mechanical Analyzer RSA III. Samples were run from 0.1%
strain to failure at a strain increment of 0.1%/minute and at an initial static force of 0.1 gm. All the
samples were run in triplicate.
5.2.9 Determination of antibacterial activity
An aliquot of S. aureus (ATCC 25923) was inoculated into freshly prepared Muller-Hinton (MH)
broth. After overnight incubation of S. aureus at 37°C (under stirring); the bacterial suspension
was diluted in fresh MH broth and incubated for two hours, then diluted to an OD600 of 0.45. The
diluted bacterial culture was spread on a 10cm petri dish containing MH agar. In the center of the
petri dish, a 5mm x 5mm square of PLGA nanofibers was placed. The bacteria were allowed to
incubate for 18 hours at 37°C before the zone of inhibition was imaged.
5.2.10 In vivo sealing of wounds
Four-month old male CD-1 mice were used for these experiments. The mice were anesthetized
with ketamine (100 mg/kg)-xylazine (10 mg/kg). After they were completely unconscious, 2 cm
of their tails were amputated. Immediately PLGA nanofibers were applied to the wound, while
control mice did not receive PLGA treatment. After tail amputation and PLGA application the
wound was allowed to bleed for ten minutes into a vial. After 10 minutes, the tails were washed
with 600 µL of PBS to remove any blood on the tail.
5.3 Results and discussion
5.3.1 Design and synthesis of bioactive PLGA nanofibers
Solution blow spinning was used to prepare nanofibers of PLGA using a commercial airbrush and
compressed CO2. Some important factors in the fabrication of PLGA nanofibers are polymer
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molecular weight, type of solvent, and solution concentration.3 Solutions composed of 10% (w/v)
PLGA and 3% (w/v) bioactive compounds in HPLC grade acetone were loaded into the airbrush,
and sprayed at CO2 flow rate of 13 standard cubic feet per hour (SCFH) onto a microscope cover
slip at 10 cm from the nozzle.

Figure 5.1 Airbrush technology for the production and direct application of bioactive polymer
incorporating curcumin nanofibers for sealing and healing wounds.
5.3.2 Scanning electron microscopy analysis of PLGA nanofibers
The morphology of control PLGA and NIPN was compared by SEM images. The mean average
diameter of the nanofibers was also analyzed through the SEM images. The average diameter of
the PLGA nanofibers was found to be 410±159 nm. The incorporation of 3% rosmarinic acid
increased the diameter to 457±136 nm, 3% curcumin incorporated nanofibers had a mean diameter
of 426±180 nm, and mean diameter of the 2% curcumin and 1% rosmarinic acid incorporated
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nanofibers was found to be 391±80nm. The diameter for all the NIPN tested was comparable to
the fibrin fiber diameter(~376nm).20

Figure 5.2 SEM images of PLGA nanofibers produced by solution blow spinning were taken at
3.0kV and 5000x magnification. Solutions of 10% PLGA with (a) no other additives, (b) 3%
rosmarinic acid (c) 2% curcumin 1% rosmarinic acid, and (d) 3% curcumin were sprayed at a glass
cover slip with a flow rate 13 SFCH.
5.3.3 Confocal microscopy of curcumin loaded nanofibers
To confirm the loading of curcumin into the prepared PLGA nanofibers freshly made PLGA
nanofibers embedded with curcumin were imaged using a confocal microscope (Figure 5.3). A
405nm laser was used to excite the curcumin loaded into the fibers. The photomultiplier tube was
set to detect curcumin's fluorescence at 480 nm.
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Figure 5.3 Images of PLGA nanofibers embedded with 3% curcumin imaged by confocal
microscopy.
5.3.4 Evaluation of mechanical properties of nanofibers by Dynamic mechanical analysis
The mechanical properties of the NIPN and control PLGA nanofibers was compared by
performing dynamic mechanical analysis. The ultimate strength was determined from the
maximum of the stress-strain curve and the Young’s modulus was compared at 1% strain. The
average ultimate strength of the NIPN was comparable to PLGA nanofibers. The loading
curcumin, and rosmarinic acid has improved the Young's modulus of the PLGA nanofibers. The
Young’s modulus of all the NIPN tested was comparable to that of fibrin(1-10MPa).21 This
indicated when applied to a wound our formulations would have less likelihood of deforming
under condition of everyday life, when applied to a patient.
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(A)

(B)

Figure 5.4 Mechanical strength comparison of PLGA/bioactive compounds loaded nanofibers:
(A) comparison of Young’s Modulus at 1% strain, and (B) comparison of ultimate strength.
5.3.5 Degradation of PLGA nanofibers
The release kinetics of curcumin from the PLGA nanofibers was determined by measuring the
concentration of curcumin released from a 10 mg/mL suspension of curcumin embedded PLGA
nanofibers in the PBS at 37°C over a period of 30 days. The supernatant liquids were collected
and replaced with fresh PBS on alternate days. The collected supernatant liquid was diluted with
ethanol to make a solution of 75:25 ethanol: supernatant liquid, and the absorbance at 430 nm was
measured. There is a consistent release of curcumin over a long period of time. As shown in figure
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5.5, the concentration of sustained release of curcumin over a period of 26 days is more than the
IC50 of curcumin against HeLa cells.
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Figure 5.5 The concentration of curcumin in the supernatant liquid of a 10 mg/mL suspension of
curcumin embedded PLGA nanofibers during a period of 30 days (green curve). The IC50 of
curcumin against HeLa cells was approximately 15 µM,22 shown by a horizontal dashed red line.
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5.3.7 Determination of cytotoxicity of nanofibers by in vitro assay

Figure 5.6 Comparison of in vitro anti-cancer activity of the PLGA/bioactive compounds loaded
nanofibers against HeLa cells. Results of WST assay of (A) curcumin embedded PLGA
nanofibers, (B) rosmarinic acid loaded PLGA nanofibers, and (C) curcumin and rosmarinic acid
embedded PLGA nanofibers.
Hela cells were used to assess the cytotoxicity of NIPN. Equivalent concentration of 3% curcumin
10% PLGA, 3% rosmarinic acid 10% PLGA, and 2% curcumin 1% rosmarinic acid 10% PLGA
samples were used for the cell viability assays (WST assay). The assay performed after 72 hours
of incubation of cells with the nanofiber mats and the cell viability was determined by calorimetric
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determination. As shown in Figure 5.6, all the NIPN tested had few viable cells even at the lowest
concentration (0.5mg of nanomat /mL of medium) tested.

Figure 5.7 Images taken after 24 hours incubation of HeLa cells in DMEM: (a) without any
nanofibers, b) with 2mg/mL control PLGA nanofibers without any bioactive molecule, and c) with
2 mg/mL of nanofibers loaded with curcumin.
As shown in Figure 5.7, control PLGA sample did not show any cell cytotoxicity whereas 3%
curcumin 10%PLGA sample at a concentration of 2mg/mL had little cancer cell viability. Yallapu
et al. have reported that the cytotoxicity is affected by curcumin loaded PLGA nanoparticles
because of the enhanced uptake of curcumin by the cells.23
5.3.7 Antibacterial activities of PLGA nanofibers
To demonstrate the ability of the PLGA nanofibers containing rosmarinic acid and curcumin to
inhibit bacterial growth, an agar diffusion assay was performed. The bacterial culture of S. aureus
with OD600 of 0.45 was spread on a petri dish containing MH agar. In the center of the petri dish,
a small sample of PLGA nanomat was placed and the bacteria were allowed to incubate for 18
hours. If the tested drug sample had the ability to stop the growth of bacteria then there would be
an area around the sample where no bacteria
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Figure 5.8 Grey-scale images of PLGA nanofibers placed on a growing lawn of S. Aureus (A)
Control nanofibers, (B) 3% rosmarinic acid-containing nanofibers, (C) 3% curcumin-containing
nanofibers, and (D) 2% curcumin & 1% rosmarinic acid-containing nanofibers.
growth was visible. This area is known as zone of inhibition. The zone of inhibition was imaged
after incubating the PLGA nanomats along with the bacteria. The zone of inhibition is the black
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area around the sample due to the black counter top underneath the petri dish. Images were
converted to grey-scale to enhance the visual contrast between the surrounding lawn and the zone
of inhibition, which was reduced due to the leaching of curcumin into the agar. The preliminary
data shown in Figure 5.8 indicated that all the NIPN tested had a zone of inhibition of
approximately 1mm; while the control PLGA did not have a zone of inhibition.
5.3.8 In vivo testing for sealing of wounds

Figure 5.9 (A) Mouse without PLGA nanofiber treatment after tail amputation (2cm) from tip of
the tail, severing the tail vein (10 seconds post amputation). (B) View of tail wound after
application of nanofibers with curcumin. (C) Mouse with PLGA nanofiber treatment after tail
amputation (2cm) from tip of the tail, severing the tail vein (10 seconds post application). (D) View
of blood collection vials after experiment and washing the tail and vial with 600uL of PBS.
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Mice treated with control PLGA and curcumin loaded PLGA nanofibers bleed significantly less
as indicated by very pale pink solution of blood mixed with PBS (Figures 5.9 B, C). This is due to
the hydrophobic nature of PLGA, which acts as an impermeable barrier to blood flow. Mice which
did not receive PLGA treatment had to be given an emergency injection of PBS to avoid death due
to blood loss (Figure 5.9 A) (deep red solution of blood plus mixed with PBS).
Solution blow spinning was used to fabricate PLGA nanofibers comprising bioactive compounds
curcumin and rosmarinic acid. It was observed that all the tested NIPN have inhibited the cancer
cell growth even at the lowest concentration tested. The sustained release of drugs over a long
period of time showed the potential of this technology to be used as bioactive sealing of wounds
after surgery for cancer patients. Moreover, SEM analysis indicated that the diameter for all the
NIPN tested is comparable to the fibrin fiber diameter(~376nm)20, and the evaluation of
mechanical properties suggested that the Young’s modulus of all the NIPN tested was comparable
to that of fibrin(1-10MPa).21 This indicated when applied to a wound, our formulations will have
less likelihood of deforming under condition of everyday life, when applied to a patient. So, the
bioactive nanomats could release anti-cancer bioactive compounds over an extended period of
time, and could possibly clear tumor margins and potentially eliminate the need for radiation
therapy.
5.4 Conclusion
Nanofiber mats are widely investigated for the drug delivery applications via drug-releasing stent
or patch implant. In the present study, we demonstrated the fabrication of the bioactive compounds,
like curcumin and rosmarinic acid, embedded PLGA nanofibers via solution blow spinning, using
a commercial air brush and compressed CO2. We observed that all the tested NIPN have inhibited
the cancer cell growth and induced cancer-cell apoptosis even at the lowest concentration tested.
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The nanofibers were characterized by scanning electron microscope for morphology and by
dynamic mechanical analysis for the mechanical properties. The time-dependent drug release was
studied by monitoring the degradation of nanofiber mat over 30 days. The inhibition of bacterial
cell growth by the drug loaded nanofibers was assessed by agar diffusion assay. The application
of the NIPN on traumatic wounds was demonstrated in vivo. The sustained release of drugs over a
long period of time has shown the potential of this technology to be used as bioactive sealing of
wounds after surgery for cancer patients. The bioactive nanomats could release anti-cancer
bioactive compounds over a period of months, and could possibly clear tumor margins and
potentially eliminate the need for radiation therapy. The facile fabrication of these drug loaded
nanofibers can render their application in bioactive sealing of wounds after the removal of tumor,
and rapid traumatic wound care i.e. for direct sealing and healing of wounds without manual
stitches.
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